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PREFACE 


As  noted  by  Dr  Goodyer  in  the  Preface  to  AGARD  Lecture  Series  1 1 1  .Cryogenic  Wind  Tunnels,  the  advantages  of  the 
cryogenic  tunnel  for  aeronautical  research  lie  mainly  in  the  practical  attainment  of  full-scale  values  of  Reynolds  numbers  and 
in  the  case  of  pressurized  cryogenic  tunnels,  the  means  to  separate  Mach  number  and  Reynolds  number  effects  from 
aeroelastic  effects. 


Since  1 980  the  advantages  of  cryogenic  tunnels  noted  by  Goodyer  have  been  demonstrated  to  be  valid.  The  continued 
interest  in  cryogenic  tunnels  has  promoted  a  second  series  of  lectures  devoted  to  the  topic.  Since  LS  1 1  Inhere  has  been  a 
subtle  shift  in  interest  away  from  some  of  the  major  concerns  of  1 980.  e  g.  real-gas  effects,  toward  concerns  more  directly 
related  to  the  application  of  cryogenic  tunnels.  The  content  of  this  present  series  of  lectures  has  been  selected  to  reflect  this 
shift  in  interest. 

It  has  been  demonstrated  that  large  cryogenic  tunnels  can  be  built  and  successfully  operated.  We  now  ask.  is  it  possible 
to  build  models  for  cryogenic  tunnels,  test  them,  and  get  data  of  sufficient  accuracy  so  that  the  advantages  of  testing  at  full- 
scale  values  of  Reynolds  number  are  realized? 

(  '  ■ 

This  Special  iVitirse-addresses  this  question.  It  is  specifically  designed  for  those  who  wish  to  acquire  in  concentrated 
form  the  most  up-to-date  information  on  the  principles  and  practices  of  cryogenic  wind  tunnel  design,  operation,  and 
application. 

Follow  ing  a  brief  review  of  the  development  and  early  application  of  cryogenic  wind  tunnels,  all  of  the  aspects  of 
cryogenic  wind  tunnel  technology  related  to  the  design  and  operation  of  cryogenic  tunnels  are  examined.  Among  the  areas 
covered  are:  cryogenic  engineering  and  safety,  properties  of  materials  at  cryogenic  temperatures,  model  design  requirements 
and  fabrication  techniques,  instrumentation  for  control  and  data  acquisition,  data  accuracy,  productivity,  and  costs  of  models 
and  operation.  v  -  — 

A  review  of  the  status  of  the  cryogenic  wind  tunnel  projects  in  AGARD  countries  and  in  the  rest  of  the  world  is 
presented. 

This  Special  Course  is  sponsored  by  the  Fluid  Dynamics  Panel  of  AGARD  and  implemented  by  the  von  Karman 
Institute. 


R.A.  Kilgore- 

Special  Course  Director 


Accesion  Fcr  j 

NTIS 

CRA&I 

£ 

DUG 

r  A ;  j 

□ 

U:  on: 

iL-Cl 

i  J 

J:i5tif:c 

dfO:i 

.  . -  - 

By . . 

Di;t.  ithu.C'  • 

Avaii'cic  i.t 

y  C 

Dist 

Avcl-i  c 

■  -  cl  ‘  or 

CUl 

A- 1 

SPHIM.IOlUSt:  SlAFF 


Special  Course  Director: 


Dr  R. A. Kilgore 

1  lead.  I  .xperimcnlal  1  cchmc|ucs  Branch 

M  s  2X7 

NASA  1. ancles  Research  Center 
I  lampion 
Virginia  236< >5 
USA 


lectures 


Mr  M  Bazin 
ONlr.RA.OMl 
0.1*.  72 

i)23’2  Chatillon  Cedes 
France 


Mr  J. A.  lizard 

Technical  Ciroup  -  ElW 

c  o  National  Aerospace  Laboratory 

P  O.  Box  90502 

100b  HM  Amsterdam 

Netherlands 


Mr  J.Chrislophe 
ONI.RA  GME 
ILI*.  72 

92522  Chatillon  Cedex 
France 

Mr  J.B.Dor 

ON  ERA/CERT  -  DERAT 
UP.  4025 

5 1 055  Toulouse  Cedex 
France 

Mr  A.Mignosi 

ONERA/CERT  -  DERA  T 
13.P.  4025 

31055  Toulouse  Cedex 
France 

Dr  G.Hefer 
DFVLR 

Institute  for  Experimental 
Fluid  Mechanics 
Bunsensirasse  10 
3400  Gottingen 
Germany 

Dr  O.Viehweger 
DFVLR 

Research  Center  Kriln-Porz 
Postfach  90  60  58 
5000  Kirin 
Germany 


Dr  M.J.Cioodyer 

Department  of  Aeronautics  and  Astronautics 
The  University 
Southampton  S09  5NH 
1  lantpshire 

UK 

Dr  D.A.Wigley 
Independent  Consultant 
17  Basset  Wood  Drive 
Southampton  S02  3PT 
Hampshire 

UK 

Mr  W.E.Bruce.  Jr 

Head.  NTF  Operations  Branch 

M/S  267 

NASA  Langley  Research  Center 

Hampton 

Virginia  23665 

USA 

Dr  C  P  Young,  Jr 

Head,  Engineering  Analysis  Branch 
M/S  43 1 

NASA  Langley  Research  Center 

Hampton 

Virginia  23665 

USA 


LOCAL  COORDINATOR 


Professor  J.  Wendt 

Von  Karman  Institute  for  Fluid  Dynamics 
Chaussee  de  Waterloo  72 
B-1640  Rhode-Saint-Genese 
Belgium 

AGARD  REPRESENTATIVE 

Mr  R.H.Rollins  II 

Fluid  Dynamics  Panel  Executive 

7  rue  Ancelle 

92200  Neuilly-sur-Seine 

France 


iv 


COM  *  M  S 


Page 

PREFACE  iii 

SPECIAL  COl  RSE  SI ,tH  i> 

Reference 

INTRODt  CTION  IO C  RYOGEMC  WIND  Tl  NNEI..S 

by  MJ.Goodyer  1 

BASIC  CRYOGENICS  AND  MATERIALS 

by  I ). A. Willey  2 

MATERIALS  AND  TECHNIQUES  EOR  MODEL  CONSTRUCTION 

by  D.A.Wigley  3 

DESIGN  AND  CONSTRI  CTION  OF  MODELS  EOR  THE  NATIONAL  TRANSONIC  FACILITY  -  I 

by  C.P.Young,  Jr  4 

DESIGN  AND  CONSTRUCTION  OF  MODELS  EOR  THE  NATIONAL  TRANSONIC  FACILITY  -  II 

by  C.P.  Young,  Jr  5 

C  RYOGENIC  WIND  Tl  SNNEL  INSTRUMENTATION 

by  M. Bazin  6 

FUNDAMENTAL  REFLECTIONS  ON  CRYOGENIC  TESTING 

by  A.Wignosi  7 

PRODUCTIVITY  -  THE  ECONOMIC  ASPECTS  OF  CRYOGENIC  WIND  TUNNEL  DESIGN  AND  USE 

by  J.Christophe  8 

THE  T2  C  RYOGENIC  INDUCTION  TUNNEL  IN  TOULOUSE 

by  J-B.Dor  9 

THE  CRYOGENIC  LUDWIEG  TUBE  TUNNEL  AT  GOTTINGEN 

by  G.Hcfer  10 

THE  KRYO-KANAl.  KOl.N  PROJECT,  KKK 

by  G.Viehweger  1 1 

THE  EUROPEAN  TRANSONIC  W1NDTUNNEL  PROJECT  ETW 

by  J.A.Tizard  and  J.P.Hartzuiker  1 2 

THE  NASA  LANGLEY  0.3m  TRANSONIC  CRYOGENIC  TUNNEL 

by  R.A.KilgOre  1 3 

THE  US  NATIONAL  TRANSONIC  FACILITY  - 1 

by  W.E.Bruce  1 4 

THE  US  NATIONAL  TRANSONIC  FACILITY  -  II 

bv  W.E.Bruce  1 3 

OTHER  CRYOGENIC  WIND-TUNNEL  PROJECTS 

by  R.A.Kilgore  1 6 

APPENDIX  A:  SOURCES  OF  INFORMATION  ON  CRYOGENIC  WIND  TUNNELS  A 

APPENDIX  B:  CRYOGENIC  WIND  TUNNELS  -  A  SELECTED  BIBLIOGRAPHY  B 

APPENDIX  C:  TRANSCRIPT  OF  DISCUSSIONS  C 

LIST  OF  PARTICIPANTS  P 

v 


INTRODUCTION  TO  CRYOGENIC  WIND  TUNNELS 


M.J.  Goodyer 

Reader  in  Experimental  Aerodynamics 
Department  of  Aeronautics  and  Astronautics 
University  of  Southampton,  Southampton  S09  5NH,  U.K. 


SLMwWRY 


The  background  to  the  evolution  of  the  cryogenic  wind  tunnel  is  outlined,  with 
particular  reference  to  the  late  60’s/eariy  70’s  when  efforts  were  begun  to  re-equip 
with  larger  wind  tunnels.  The  problems  of  providing  full  scale  Reynolds  numbers  in 
transonic  testing  were  proving  particularly  intractible,  when  the  notion  of  satisfying 
the  needs  with  the  cryogenic  tunnel  was  proposed,  and  then  adopted. 

The  principles  and  advantages  of  the  cryogen  c  tunnel  are  outlined,  along  with 
guidance  on  the  coolant  needs  when  this  is  liquid  r» .  rogen,  and  with  a  note  on  energy 
recovery.  Operational  features  of  the  tunnels  are  introduced  with  reference  to  a  small 
1 ow  speed  t unne 1 . 

Finally  the  outstanding  cont r i but i ons  are  highlighted  of  the  0.3m  Transonic 
Cryogenic  Tunnel  at  NASA  Langley  Research  Center,  and  its  personnel,  to  the  furtherance 
of  knowledge  and  confidence  in  the  concept. 

1.  background 

In  any  attempt  to  justify  the  expenditure  of  considerable  manpower  and  effort  on 
a  project  such  as  that  forming  the  subject  of  this  Series  it  is  necessary  to  reflect 
for  a  moment  on  the  underlying  reasons  for  the  work,  which  I  will  first  attempt  to  do. 
The  root  cause  of  us  all  being  here  is  the  fundamental  weakness  of  classical 
mathematics:  despite  the  undoubted  brilliance  of  mathematicians  past  and  present  they 
have  not  been  able  to  give  us  the  means  to  forecast  by  calculation,  and  with  certainty, 
the  behaviour  of  real  life  devices  of  the  kind  represented  by  the  products  of  aerospace 
industries.  This  failure  reveals  inadequacy  in  the  discipline  and  not  in  the 
practitioners.  A  quotation  specifically  about  our  business  of  aerodynamics  is  as 
follows:  "The  disparity  between  the  designer's  need  for  aerodynamic  prediction  and  the 
power  of  his  analytic  methods  seems  to  be  so  vast  as  almost  to  defy  description."^1' 
This  statement  was  published  by  a  most  experienced  aircraft  designer  in  September  1971, 
close  to  the  time  of  the  beginning  of  construction  of  the  first  cryogenic  wind 
tunnel.  (2)  Since  then  the  two  avenues  of  endeavour,  empirical  and  theoretical,  have 
advanced  in  healthy  competition  with  improvements  in  each,  which  is  a  recognition  that 
the  former  was  not  without  weakness. 

The  birth  of  the  cryogenic  wind  tunnel  was  preceeded  by  a  20  year  period 
spawning  almost  all  of  the  transonic  wind  tunnels  now  in  use.  During  this  period  the 
need  to  provide  for  the  needs  of  experimental  aerodynamics  in  a  reasonably  economic  way 
followed  the  pattern  already  set,  that  of  matching  the  required  Mach  number  but  not  the 
required  Reynolds  number.  The  reason  for  this  is  that  Mach  number  effects  were  known 
to  be  strong  while  it  was  felt  that  the  effects  of  Reynolds  number  on  performance  were 
rather  weak  and  perhaps  systematic  and  predictable.  If  the  same  circumstances  existed 
now  and  we  had  to  choose  between  the  two  parameters  there  i9  no  doubt  that  we  would 
still  pick  Mach  number  for  proper  matching.  It  is  perhaps  fortunate  that  background 
research  in  Japan  and  the  U.S.A.  in  the  1930's  allowed  the  development  of  the 
ventilated  test  section  for  transonic  testing,  satisfying  the  irrmediateiy  most  pressing 
needs  at  reasonable  cost.  Had  Reynolds  number  effects  seemed  more  important  there  is 
no  knowing  what  solutions  might  have  emerged,  but  quite  likely  the  cryogenic  wind 
tunnel,  because  the  necessary  information  and  technology  was  around  and  the  route  to 
satisfying  Reynolds  number  by  more  conventional  means  is  inordinately  expensive. 

It  should  be  mentioned  that  throughout  almost  the  whole  course  of  aerodynamic 
testing,  the  position  with  regard  to  Reynolds  number  was  not  accepted  without  question. 
The  needs  of  the  low  speeds  of  the  early  days  of  flight  were  satisfied  with  large 
unpressurised  wind  tunnels  which  were  just  economically  feasible,  but  the  situation 
became  more  difficult  with  the  progressive  increases  particularly  in  airspeed  but  also 
in  aircraft  size.  To  anyone  who  begins  to  design  a  wind  tunnel  for  flight  values  of 
Reynolds  number  at  normal  values  of  tunnel  pressure  and  temperature  it  soon  becomes 
apparent  that  the  cost  will  be  very  high.  To  circumvent  this  problem  searches  were 
made,  from  about  1920  onwards,  for  test  gases  alternative  to  air  which  would  inherently 
provide  such  flows  at  reasonable  size  and  cost  (Pozniak^^  contains  a  comprehensive 
sumnary  and  list  of  references).  The  searches  revealed  some  gases  which  were  not  too 
toxic  and  which  would  provide  useful  increases  in  Reynolds  number,  by  factors  of  up  to 
4  when  compared  with  air  at  otherwise  the  same  conditions.  However  these  gases  were 
polyatomic  with  ratios  of  specific  heats  Y  much  lower  than  in  air  and  it  vvas  felt  that 
for  testing  at  compressibility  speeds  their  behaviour  might  not  always  be  close  enough 
to  that  of  a  diatomic  gas.  It  is  no  use  replacing  one  system  which  occasionally  and 
unpr ed i c t ab l y  gives  wrong  answers  (that  is  air  at  low  Reynolds  number)  with  another 
which  might  also  do  the  same.  Mixtures  of  gases  having  Y  =  1.4  gave  too  small  rewards. 


On  at  least  two  occasions  the  prospects  were  discussed  for  the  use  of  low 
temperatures  in  aerodynamic  testing.  Margoulis^'  in  1920  and  Smelt  (5)  jn  1945 
published  predictions  of  the  advantages,  but  the  possibilities  were  largely  ignored 
although  from  time  to  time  in  reports  from  the  period  various  authors  again  drew 
attention  to  the  idea.  It  is  likely  that  the  motivation  for  producing  high  Reynolds 
number  flows  was  not  strong  enough  to  encourage  the  facing  of  the  practical  problems. 

While  errors  can  be  made  of  either  sign  in  the  prediction  of  aircraft 
performance,  the  cases  which  cause  concern  are  those  where  full  scale  performance  is 
worse  than  expectation  by  too  large  a  margin.  In  the  U.S.A.  and  Europe  during  the 
above  period  there  were  examples  of  aircraft  projects  which  performed  rather  too  badly 
in  comparison  with  predictions  based  on  wind  tunnel  data.  The  concensus  was  that 
mismatch  in  Reynolds  number  was  the  likely  cause.  From  these  experiences  begsn 
compaigns  on  both  sides  of  the  Atlantic  to  provide  transonic  wind  tunnels  with  Reynolds 
number  capabilities  closer  to  those  experienced  in  flight,  and  there  began  considerable 
activity  on  the  subject. 

AGARD,  through  its  Fluid  Dynamics  Panel,  first  set  up  the  High  Reynolds  Number 
Working  Group  (HIRT  )  in  1969  which  reported  on  some  solutions  to  the  transonic  needs 
of  NATO  countries  in  September  1970 .  Following  this  the  same  Panel  set  up  the  Large 
Wind  Tunnels  Working  Group  (the  LaWs  Group)  in  1971  to  examine  broader  needs  of 
aerodynamic  testing  but  including  those  of  transonic  testing,  and  to  evaluate  the 
options,  although  the  option  of  the  cryogenic  wind  tunnel  wa9  not  evaluated^).  These 
activities  represent  an  interim  period,  ending  in  about  1973,  when  a  variety  of 
solutions  was  actively  persued  based  on  the  use  of  normal  temperatures  but  often  in 
otherwise  unconventional  wind  tunnels. 


Those  involved  first  set  out  to  define  requirements  and  then  to  identify 
possible  solutions.  On  the  subject  of  requirements  it  should  be  mentioned  that  other 
inadequacies  in  flow  simulation  had  also  become  apparent  in  the  meantime,  additional  to 
that  simply  of  low  Reynolds  number.  Notable  was  the  realisation  that  other  measures  of 
flow  quality  including  non-uni f ormi t y ,  noise  and  turbulence,  were  often  unsatisfactory 
and  would  need  to  be  improved  in  any  new  wind  tunnel.  On  the  subject  of  the 
requirement  for  Reynolds  number  there  were  differences  of  opinion  on  the  extent  to 
which  it  was  necessary  to  bridge  the  existing  tunnel-to-flight  gap.  Some  (mostly  in 
Europe)  felt  that  there  was  a  level  below  which  there  could  be  expected  to  be  seen 
changes  in  data  and  above  which  there  would  be  no  significant  change.  Others  (mostly 
in  the  U.S.A.)  fejt  that  tunnels  should  match  flight  if  at  all  possible. 

There  was  also  disagreement  over  the  minimum  practical  run  time  for  the  new 
tunnels,  but  the  consensus  was  that  around  10  seconds  would  suffice  for  most  kinds  of 
test.  However  in  retrospect  there  is  no  doubt  that  such  compromises,  including  any 
proposed  for  Reynolds  number,  were  forced  by  what  was  considered  economically  possible 
rather  than  being  based  on  real  technical  merit. 


The  tunnel  spec  i  f  1  cat  i  ons  which  emerged  included  minimum  run  times,  MBch  number 
bands,  maximum  pressure  and  of  course  Reynolds  number.  In  Europe  it  was  recognised 
that  this  would  need  to  be  a  mu  1 1  i -na  t  i  ona  1  co  1  1  aborat  i  ve  project  because  of  the 
capital  cost.  Several  competing  schemes  emerged  for  ev a l uat i on ' 6 ^  .  A  tunnel  was 
separately  proposed  for  the  U.S.A.  which  also  had  several  competing  scheme s ® * 9  • . 


Figure  1  compares  the  requirements  of  cruising  flight  with  the  Reynolds  number 
capabilities  of  tunnels  each  side  of  the  Atlantic.  A  representative  selection  of 
transport  aircraft  is  shown,  and  it  is  apparent  that  tunnel  capability  is  below  flight 
by  factors  up  to  5:1  in  the  case  of  larger  transonic  aircraft.  (The  picture  has 
changed  little  in  the  meantime  except  for  the  case  of  the  N.T.F.  which  is  becoming 
available  in  the  U.S.A.). 
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The  projected  cost  of  a  tunnel  varies  strongly  with  its  size  and  therefore  all 
steps  are  taken  to  minimise  size,  including  the  use  of  the  maximum  practical  pressure, 
but  there  are  limits  to  the  pressure  that  can  be  used.  It  is  easy  to  show  that  in  the 
case  where  the  structure  of  an  aircraft  is  modelled  as  well  as  the  ae  odynamic 
envelope,  the  bending  stresses  in  the  wind  tunnel  model,  say  in  the  wing  root,  in 
relation  to  those  in  the  aircraft  in  flight  are  factored  by  the  two  ratios,  tunnel -to- 
flight,  of  the  static  pressures  and  lift  coefficients.  The  tunnels  which  offered  the 
highest  Reynolds  numbers  used  static  pressures  several  times  those  experienced  in 
transonic  cruising  flight.  Further,  particularly  in  the  case  of  transport  aircraft, 
t  tie  range  of  lift  coefficient  required  to  be  explored  in  the  tunnel  could  be  much  wider 
than  structurally  acceptable  in  the  aircraft.  The  net  effect  is  that  models  are 
designed  for  high  loads  which  demand  the  use  of  high  strength  materials  (for  example 
itiaraginq  steels)  coupled  with  the  use  of  much  thicker  sections  in  the  model's  structure 
c.  omp  ared  with  t  h «  aircraft,  to  the  point  of  ma  n  y  c  omp  onents  being  solid.  With 
increases  in  pressure  there  is  an  increasing  problem  arising  from  support  interference. 
While  these  coinnents  are  on  the  subject  only  of  stresses,  aeroela^tic  considerations 
ma  y  be  even  mo  r  e  demand i ng  in  t  e  rms  o  f  mode l  and  support  stiffness.  It  wa  s  clear  1 nat 
there  was  insufficient  scope  for  raising  Reynolds  'umber  to  the  levels  required  by  the 
sole  action  of  raising  the  test  pressure. 

The  outcome  was  a  set  of  designs  featuring  large  test  sections  'typically  5rn,  16 
feet  across)  operating  at  pressures  up  to  5  atmospheres  or  inore,  with  various  kinds  of 
intermittent  drives.  The  combination  of  size  and  pressure  resulted  in  tunnels 
projected  at  rather  high  cost  and  requiring  also  large  and  expensive  models. 

At  about  this  stage  (in  fact  in  September  and  October  1V71)  a  small  group  of 
people  at  NASA  Langley  Research  Center  were  faced  with  a  similar  kind  of  problem  in 
relation  to  a  wind  tunnel  magnetic  suspension  and  balance  system,  that  is  nvuch  too  low 
a  Reynolds  number,  and  proposed  the  use  of  a  low  temperature  gas  as  a  means  to  raise 
the  value.  A  low  speed  .unriel  was  immediately  built  which  served  to  dispel  the  most 
elementry  misgivings  over  the  concept  and  also  served  to  draw  the  attention  of  the 
teams  working  on  the  large  transonic  tunnel  projects  to  this  alternative  approach.  In 
due  course  the  proposals  for  large  transonic  tunnels  on  both  sides  of  the  Atlantic 
narrowed  to  just  the  cryogenic  wind  tunnel,  fan  driven  and  therefore  nominally 
continuous,  capable  of  reaching  full  scale  flight  Reynolds  numbers  at  moderate  tunnel 
size  and  pressure. 

The  cryogenic  wind  tunnel  evidently  was  born  out  of  needs  of  transonic  testing, 
but  is  finding  wider  application  as  we  will  hear  in  uue  course. 

The  decision  to  proceed  with  an  investigation  of  the  cryogenic  approach  for 
transonic  high  Reynolds  number  testing  opened  up  many  new  lines  of  endeavour  additional 
to  that  of  just  proving  the  novel  aerodynamics.  There  were  the  subjects  to  address  of 
funnel  design  and  control,  instr  ume ntation,  real  gas  effects,  safety,  ma  t  e  r i a  1 s  and 
model  making.  These  and  more  were  first  taken  on  by  NASA  in  relation  to  the  fan  driven 
tunnel.  Other  organisations  have  extended  the  range  of  tunnel  drives,  as  we  will  hear 
later  in  the  Series,  to  cover  the  familiar  intermittent  options  as  well  as  some  novel 
drives  devised  to  exploit  the  particular  characteristics  oi  cryogenics. 

The  aims  of  the  remaining  part  of  this  paper  are  to  introduce  some  principles, 
and  this  will  be  by  reference  to  the  si  mp  le  underlying  theories  and  also  by  reference 
to  two  -arly  wind  tunnels  in  order  to  highlight  some  design  and  operational  features. 

2.  t’RINCIPLh  S  OF  CRYOGLN1C  WIND  TUNM-  LS 

2 .  1  Fundament  a l s 

While  the  ideas  can  be  applied  to  almost  any  gas,  with  particular  advantage  in 
low  speed  testing  where  a  wider  range  of  possibilities  opens  up  with  the  relaxation  of 
a  constraint  on  y  (10),  jn  transonic  tests  where  I  believe  we  are  constrained  to  using 
diatomic  gases  there  is  little  if  anything  to  be  gained  from  gases  other  tl.uii  air  or 
nitrogen,  which  the  following  corrment  s  assume. 

The  basics  can  be  introduced  very  s  imp  ly  by  substituting  into  the  Re  y  no  1  ds 
number  expression 

pV2 

Reynolds  number  R  =  — 

dens i l ,  Pin  f  e  rms  of  pressure  and  t  ernpe rature  T  fr  om  the  ideal  gas  equation  of  state, 
velocity  V  as  the  product  Mach  number  and  speed  of  sound,  and  viscosity  p  by  the 
approximation  p  «  T^. 9  _  The  advantage  in  terms  of  Reynolds  number  of  cooling  a  gas  may 
he  conveniently  written  as  a  ratio,  that  is  the  ratio  of  the  Re y n o I d s  n umb er  at  reduced 
temperature  T  to  that  in  the  same  gas  at  normal  temperature  Tj,  other  factors  such  as 
mo  del  size?,,  f  I  ow  Ma  c  h  n  umb  er  M  and  pressure  P  r  ema  ining  constant. 

The  resultant  expression  is 


1 1 

Reynolds  number  ratio  =  (~^-) 


1.4 


14 


the  value  of  the  ratio  depending  on  the  choice  of  the  higher  temperature  which  might  be 
typically  about  <2QK  in  a  continuous  tunnel,  and  on  the  factors  limiting  the  lower 
temperature.  The  lower  limit  is  not  necessarily  completely  defined.  It  depends  on  the 
test  Mach  number,  on  the  equilibrium  saturation  boundary  of  the  gas  and  therefore  on 
the  test  pressure,  but  also  on  the  amount  of  super  s  a  t  u  r  a  t  i  on  permissible  in  the  flow, 
which  may  prove  to  be  size-  or  mode  1 -dependent .  It  should  be  mentioned  that  controlled 
levels  of  supersaturation  have  been  exploited  in  hypersonic  tunnels  for  years  without 
adverse  effects.  During  the  life  of  the  cryogenic  wind  tunnel  the  phenomenon  has  been 
the  subject  of  research,  because  the  rewards  in  terms  of  Reynolds  number  and  in  other 
respects  can  be  quite  useful.  There  is  strong  evidence  that  it  is  safe  to  approach  the 
saturation  boundary  in  the  free  stream  ahead  of  the  model.  If  this  is  adopted  along 
with  a  Mach  1  test  then  the  ratio  takes  the  approximate  maximum  values 

6.4  at  1  atmosphere  stagnation  pressure 

5.0  at  5  atmospheres  stagnation  pressure. 

In  either  case  it  can  be  seen  that  the  factor  is  nicely  in  accord  with  the  needs 
outlined  in  the  preceeding  section. 

The  issue  of  pressure  should  be  discussed  because  it  has  been  already  in 
relation  to  other  tunnels.  A  measure  of  the  effect  of  test  pressure  on  model 
aerodynamic  loads  is  the  dynamic  pressure  $pv2t  other  factors  such  as  Mach  number,  size 
and  lift  coefficient  remaining  constant.  Similar  substitutions  as  above  lead 
irrmediately  to  the  expression 

V°V2  =  j  PM2 

showing  that  temperature  does  not  affect  dynamic  pressure.  Therefore  the  increase  of 
Reynolds  number  which  accompanies  reduction  of  temperature  is  not  at  the  expense  of 
load,  at  least  to  a  first  order. 

Particularly  if  the  tunnel  is  to  be  driven  by  a  fan  there  is  interest  in  the 
influence  of  temperature  oo  the  required  power.  Fan  drive  power  can  be  written 


power  p  =  x 

where  A  =  test  section  flow  area  and  A  is  a  coefficient  which  varies  primarily  with  the 
tunne  design  and  the  flow  Mach  number. 

For  a  given  tunnel,  Mach  number  and  pressure,  this  simplifies  to 


p  ct/f 


showing  that  fan  power  reduces  as  Reynolds  number  is  increased  by  means  of  reduced 
t  empe rature. 

2 . 2  Coo  I i ng 

There  are  two  basic  methods  open  for  exploitation.  One  is  the  near - i s en t r op  i  c 
expansion  of  a  gas  from  high  pressure  storage  to  the  test  stagnation  pressure.  The  gas 
may  be  fairly  cool  in  storage  but  is  further  cooled  in  the  expansion  process,  and  then 
used  in  the  tunnel.  The  expansion  pressure  ratios  required  in  isentropic  processes  are 
easy  to  calrulate.  With  a  diatomic  gas  beginning  at  room  temperature  a  pressure  ratio 
of  40  is  required  to  expand  to  100K.  Several  projects  fall  into  this  category  and  will 
be  discussed  in  Paper  16. 

The  alternate  is  to  inject  a  cryogenic  liquid  (perhaps  produced  in  plant 
separate  from  the  tunnel,  but  stored  alongside)  into  the  test  gas,  using  the  latent 
heat  of  the  coolant  and  in  some  c  i  rcums  t  ance  s  an  appreciable  component  of  sensible 
heat.  It  is  corrmon  to  use  liquid  nitrogen  although  combinations  of  nitrogen  and  oxygen 
could  be  used,  at  the  cost  of  some  complication,  if  there  was  a  strong  need  to  retain 
an  air  mixture.  The  quantity  of  liquid  nitrogen  needed  as  a  coolant  may  be  calculated 
with  reasonable  precision  from  the  approximate  expression 


cooling  effect  of  LN2  ^  100  ♦  1.2  T0  kj/kg 


where  T0  is  the  tunnel  stagnation  temperature.  A  more  precise  expression  is 
aval  lable^i). 
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This  is  dissipated  in  se\eral  ways.  There  is  a 
or,  in  t  tie  rase  of  the  induced  flow  tunnel,  to  cool 
operating  at  100K,  in  t  tie  former  case  t  lie  exchange  rate, 

U.OG^S  Kg/sec  per  kW.  ,  and  in  t  fie  case  of  the  induced  flow  funnel  supplied  witr.  tr  at 
*Ul)K  tile  ratio  of  I.N2  flow  rale  to  inducing  air  flow  rate  is  about  0.9.  There  is  also 
the  need  to  account  for  the  cooling  of  at  least  a  proportion  of  t  he  tunnel  structure, 
the  proport  ton  depending  on  the  thermal  insulation  scheme  and  on  run  time.  However  trie 
exchange  rate,  expressed  as  t  tie  ratio  of  LN2  mass  to  structure  mass,  in  moling  from 
H3IJK  to  1 UOK  is  about  0.2b. 


Additional  coolant  is  required  to  absorb  heat  inflow  through  insolation.  The 

quantity  required  is  strongly  design-  and  run-time  dependent  and  it  is  difficult  to 
provide  very  general  information.  However  t  tie  specific  example  of  the  Lang  lev  0.5 

“vie  t  e  1  Transonic  Cryogenic  Tunnel  may  be  cited  for  guidance.  In  this  recent 

reference  the  proportion  of  LN?  con  sump  lion  e  s  t  ima  ted  as  attributable  to  tie  a  t  inflow  is 

1 2%  of  the  total.  While  the  authors  naturally  are  guarded  about  the  general 

applicability  of  the  information,  as  1  must  be,  it  is  nevertheless  a  useful  guide  ip 

expectations  for  fan  driven  transonic  tunnels.  One  estimate  for  low  speed  funnels' 
attributes  up  to  10%  of  the  LN2  consumption  to  heat  leakage. 

While  the  total  requirements  of  a  cryogenic  wind  tunnel  for  coolant  and 
therefore  cooling  power  depend  on  its  design  and  operating  cycle,  studies  have  shown 
that  the  total  energy  consumption  of  a  cryogenic  wind  tunnel  is  appreciably  less  than  a 
conventional  tunnel  when  comparisons  are  made  on  the  basis  of  equal  pressure,  Mach  and 
fie  y  no  Ids  numbers. 


2.3 


Controlled  Variables 


The  cryogenic  wind  tunnel  has,  in  contrast  to  a  conventional 
essentially  constant  temperature,  the  new  controllable  variable  of 
can  be  exploited  in  a  way  which  is  not  always  irnned  i  a  t  e  1  y  apparent, 
is  made  with  confidence  because  those  of  us  who  were  nvolved  in  the 
not  see  the  point  for  a  while. 


tunnel  working  at 
temperature  which 
The  last  comment 
earliest  days  did 


The  cryogenic  pressure  tunnel  has  the  three  independently  controllable  test 
variables  of  speed,  pressure  and  temperature.  These  may  be  used  in  various 
combinations  to  control  the  Mach  and  Reynolds  numbers  of  the  test.  In  principle  only 
two  of  the  variables  are  needed  and  therefore  the  third  is  free  to  be  used  to  control 
some  other  feature  of  the  test  conditions.  The  potential  usefulness  of  this  freedom  is 
in  c  ntrolling  the  loads  on  a  model  and  its  consequent  aeroelastic  deformation,  because 
in  some  testing  the  variations  of  data  due,  say,  to  Reynolds  number  effects  can  be 
clouded  by  the  aerodynamic  consequences  of  the  deformation.  It  is  usual  therefore  to 
regard  the  three  variable  test  conditions  as  controlling  the  Mach  number,  the  Reynolds 
number  and  the  dynamic  pressure.  Through  the  independent  control  of  dynamic  pressure 
there  is  independent  control  of  model  shape  (at  least  to  a  first  order)  wfiich  is  a 
unique  feature  of  the  cryogenic  wind  tunnel  and  is  particularly  important  in  transonic 
tests  where  stresses  and  deflections  can  be  large. 


2.4 


Tnergy  Recovery 


L>e  spite  the  quite  enormous  savings  in  capital  costs  and  significant  reductions 
in  energy  consumption  offered  by  the  cryogenic  wind  tunnel  in  relation  to  competing 
con t  i nuou s  l  y  -  r  inn i ng  designs,  viewers  of  the  cryogenic  wind  tunnels  now  in  operation 
quite  often  look  at  the  exhaust  plume  and  ruminate  on  the  possibilities  of  recovering 
in  some  wav  the  "cold"  and  the  energy  so  represented.  The  notion  is  as  old  as  the 
cryogenic  wind  tunnel  and  it  is  quite  proper  for  it  to  be  kept  in  mind.  There  is  much 

scope  for  invent  iveness  and  there  are  many  possible  recovery  schemes. 

An  essential  feature  must  be  practicality  in  the  light  of  the  duty  cycle  of  the 
tunnel.  Typically  the  tunnel  is  used  only  intermittently,  rather  unpr ed 1 ct ab 1 y  and 
then  with  strongly  varying  conditions.  The  user  will  not  want  to  have  a  test 
compromised  significantly  by  the  recovery  scheme.  These  considerations  eliminate  some 

possibilities.  In  particular  I  think  those  which  aim  to  recover  cold  gas  u r  liquid 

from  a  pressurised  tunn*  l  for  recycling,  either  of  which  are  possible  in  principle,  are 
1  mp  r  a  c  t  j  c  a l  for  application  to  wind  tunnels. 

Howe  ver,  to  illustrate  the  possibilities,  the  foil ow i ng  is  an  outline  of  one 
scheme  which  might  offer  useful  energy  savings  while  having  the  necessary 
responsiveness.  The  notion,  applicable  perhaps  to  the  fan  driven  pressurised  funnel, 

is  merely  to  expand  the  exhausting  nitrogen  gas  through  a  turbine.  Calculations  using 
idealised  thermodynamics  and  neglecting  flow  losses  are  sun-mar  ised  on  Figure  2,  where 
output  available  f  r  am  the  turbine  is  sh  own  in  relation  to  the  tunnel’s  fan 
)  function  of  tunnel  temperture  and  pressure.  The  I.N2  flow  rate  into  the 

assumed  just  that  required  to  absorb  fan  power.  The  recovery  expressed  in 
s  independent  of  test  Marti  number.  There  are  two  sets  uf  curves,  the  lower 
s  ass  umi  ng  the  exhausting  gas  to  be  expanded  directly  fr  om  the  tunnel,  the 
gas  to  be  first  heated  to  ambient  temperature  in  a 
It  can  be  seen  that  quite  a  large  proportion  of 


the  powe  r 
power  as 
funnel  is 
this  wav  is 
full  curves 
other  broken  curves  assuming  the 
heat  exchanger  before  expansion. 


motor  power  is  recoverable  under 
r  o  om  t  emp  erature  at  high  pressure 


s  ome  condit  ions,  perhaps  3  0%  w  i  t  h 
While  the  maximum  proportion  of 


t  he 

the  gas  warmed  to 
recoverable  power 


I  <y 

rise*?  as  tunnel  temperature  falls,  in  fact  the  absolute  value  of  turbine  power  for  a 
particular  tunnel,  pressure  and  Mach  number  is  roughly  constant.  Idealised 
calculations  usually  are  expected  to  overestimate,  but  in  this  case  there  is  t  tie 
additional  factor  of  LN2  flow  for  heat  leakage  and  for  cooldown  which  would  raise  flows 
and  perhaps  leave  the  power  forecasts  on  Figure  2  not  too  far  from  realistic. 
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Figure  2:  Energy  recovery  by  expansion 
of  tunnel  exhaust  gas  in  a  turbine, 
relative  to  tunnel  drive  power-  Ideal 
expansion  from  a  fan  driven  tunnel. 


There  are  of  course  many  practicalities  to  be  considered  alongside  thermodynamic 
cycles,  in  this  scheme  these  include  the  control  of  flows  and  turbines,  and  the  effects 
of  re- 1 i que f act i on  near  the  outlet  of  the  turbine.  The  costs  and  complexities  of  t  tie 
additional  hardware  must  be  weighed  against  any  reduction  in  the  direct  running  cost 
and  motor  and  land^line  capital  costs.  These  comments  will  apply  to  any  such  energy 
recovery  scheme. 

5.  NOTE  S  CN  A  CRYOGENIC  L ON  SPEED  AND  A  CRYOGENIC  TRANSONIC  WthD  TUNNEL 

3.1  As  an  introduction  to  cryogenic  wind  tunnel  design  and  operation,  subjects  which 
will  be  expanded  upon  in  later  lectures,  l  am  using  the  example  of  the  0.1m  cryogenic 
wind  tunnel  at  Southampton  Un i v e r s i t y ( ^ '  .  This  was  built  originally  for  an 
investigation  into  the  possibilities  for  surface  flow  visualisation  at  low  temperature. 
It  ran  in  1977  and  was  used  successfully  for  that  task'll).  Since  then  it  has  been 
further  developed  (with  material  help  from  NASA  under  Grant  NSG-7172)  and  used  in  a 
series  of  Undergraduate  final  year  projects  (titles  appear  in  the  Appendix),  the  most 
recent  aimed  at  bringing  the  tunnel  to  the  point  where  it  is  suitable  for  the  teaching 
of  fundamental  aerodynamics,  in  particular  the  demon s t r a t i on  of  Reynolds  number 
effects. 

I  believe  the  existence  of  this  size  of  tunnel  represents  a  double  need,  a  need 
for  economical  instruction  in  cryogenic  testing,  and  for  the  economical  development  of 
instrumentation  and  other  devices  for  use  in  other  larger  tunnels. 

The  tunnel  is  closed  circuit,  unpressurised,  fan-driven  and  cooled  by  liquid 
nitrogen  sprayed  into  the  circuit  just  downstream  of  the  test  section.  At  low 
t  emp  erature  the  test  gas  is  therefore  nitrogen;  at  ro  om  t  emp  erature  and  above  it  is 
usually  air.  There  is  a  chimney  to  carry  exhaust  gas  out  of  its  building.  The  test 
section  is  4  inches  (102nm)  square,  and  the  overall  dimensions  are  feet  (2 £m)  long 
by  feet  (1.1m)  high,  with  the  circuit  centreline  in  the  vertical  plane.  The  drive 
motor  of  4kW  has  a  variable  frequency  power  supply  driving  the  fan  at  up  to  7,200 
r.p.m.  The  principal  materials  of  construction  are  aluminium  and  fibreglass. 

Aside  from  the  obvious  differences  between  a  cryogenic  tunnel  and  one  of  similar 
design  for  use  at  normal  temperature,  such  as  the  need  for  circuit  insulation  and  a 
sensible  choice  of  materials,  the  only  significant  difference  in  this  tunnel  lies  in 
the  desiqn  of  a  bearing  housing.  The  bearing  is  inside  the  circuit  and  supports  the 
fan.  The  housing,  sketched  on  Figure  3,  is  thermally  insulated  and  heated  with  two 
250W  cartridge  heaters,  the  temperature  being  controlled  at  a  50  deg.  C  set  point  by  a 
t he  rmocou p l e - ac t i v a t ed  relay.  The  tunnel  has  other  heaters  in  its  circuit  to  warm  it 
more  quickly  following  a  cryogenic  run  and  incidentally  allowing  the  tunnel  to  run  at 
elevated  t  emp  erature. 
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Figure  3:  0.1m  low  speed  rrxjijenir  wind 

tunnel  at  the  University  of  lou  t  ti  <unp  t  um  . 
Fan  and  heated  bear  ini]. 


The  available  variations  of  fan  speed  and  gas  temperature  provide  test  Mart) 
numbers  up  to  0.4  and  unit  Reynolds  numbers  up  to  50  millions  per  metre.  Of  value  in 
teaching  is  the  wide  range  of  Reynolds  number,  the  ratio  of  the  maximum  to  the  minimum 
usable  values  being  close  to  100:1.  The  operating  envelope,  which  is  in  most  respects 
typical  of  a  low  speed  atmosphe r i c  pressure  cryogenic  tunnel,  is  shown  on  Figure  4. 
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Figure  4:  Operating  envelope. 


Test  conditions  can  be  manoeuvred  to  any  point  inside  the  envelope,  to  the  high 
temperature  boundary  by  use  of  the  circuit  heaters.  The  tunnel  has  a  microcomputer- 
based  control  and  data  logging  system.  The  computer  is  a  Corrmodore  PI- T  with  a  multi¬ 
function  interface  (A-U,  D-A  and  relay  switching),  acquiring  temperature,  pressure  and 
other  data,  and  providing  closed-loop  control  of  the  tunnel  and  the  experiment  through 
relays  and  D-A.  The  cycle  time  of  the  controller  is  approximately  4  seconds.  A  block 
d  i  a  g  r  am  of  the  c  omp  1  e  t  e  s  y  s  t  em  is  s  h  own  on  Figure  5  ,  together  with  an  outline  of  the 
tunnel  circuit. 

The  operator  can  select  one  of  a  variety  of  control  modes.  For  example  tie  can 
select  a  Mach  n  umb  er  hold  (say  while  t  emp  erature  is  being  changed:  in  this  case  a 
decrease  in  temperature  is  accompanied  by  a  decrease  in  fan  speed  in  proportion  to  the 
decrease  in  the  speed  of  sound)  or  select  constant  Reynolds  number  or  constant 
temperture,  all  within  the  confines  of  the  envelope  of  Figure  4.  Temperature  may  be 
controlled  manually,  or  automatically  by  switching  the  circuit  heaters.  An  example  of 
the  locus  of  a  typical  one  hour  run  is  on  Figures  6.  Figure  6(a)  shows  temperature  and 
fan  speed,  the  controlled  variables,  changing  through  the  run  in  apparent  disorder. 
However  for  much  of  the  run  time  they  were  in  fact  varying  in  response  to  the 
operator's  demands  (which  were  changed  from  time  to  time)  for  certain  constant  values 
of  Mach  or  Reynolds  numbers,  or  for  constant  temperture. 
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1  systems  block  diagram. 
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inure  6(a):  The  variations 
,f  fan  speed  and  *  ‘  a<Jn8t  ' 
emperature  during  a  typ'ca‘ 
,ne-hour  run,  in  response  to 
he  pattern  of  demands  from 
the  operator,  illustrated  n 
figure  6(b),  for  changes  in 
ulach  and  Reynolds  nunbers. 


TUNNEL  SUN  TIME.  MINUTES 


I 

I 


Features  of  the  traces  on  Figure  6{a)  are  labelled.  These  may  be  related  to  the 
labels  on  Figure  6(b)  which  shows  the  corresponding  variations  of  Mach  and  Reynolds 
numbers.  The  traces  (plotted  from  the  run  data  file,  complete  sets  of  data  having  been 
sampled  about  every  4  seconds)  have  been  analysed  statistically  in  selected  areas. 
Table  i  sunrmarises  events  and,  where  a  parameter  is  being  held  constant,  shows  the 
standard  deviation  of  that  parameter  through  the  period. 


Table  1:  An  outline  o *  event*  during  the  one-hour  run  illu*trated  an  Figure  6, 
with  the  standard  deviation*  of  controlled  parameter* 


J  Ac 1 i »  i  1  y 

L 

Period 

Label  Second* 

•• 

Value 

Mam 

of  controlled  parameter 

Reynold*  Temperature 
no  .  *  K 

St  an  da  r  d  tie  v 
Mach  Keyno Id* 

no  .  no . • 

Te.npe  rat  ore 

K 

7  minute  cooldown,  299K-99K 
at  con*  t  ant  Mam  no. 

A 

366 

82 

.  15 

0.0024 

Steady  tunnel  condition* 

B-C 

401 

89 

.2 

20.4 

99 

0.0005 

0.115 

0.  2  74 

Period  of  constant  demanded  Mach  no. 

B-K 

724 

156 

.  2 

0.0009 

- 

|  Steady  tunnel  condition* 

D-t 

185 

54 

.2 

25.9 

85 

0.0007 

0.372 

0.707 

wafiup,  UN 2  off,  8SK  to  11  IK 
at  conttant  Reynold*  no. 

L-F 

59 

' 

28.5 

0.  127 

1 

Cooldown  to  8SK  at  ron*tanl  Mach  no. 

G-H 

97 

22 

.2 

- 

0.0009 

Warnxp,  UN 2  oft,  85K  to  245K, 
con  *  i  ant  Marti  no.  (circuit  heater* 

|  on  at  1 

H-J 

6)9 

141 

■  2 

0.0008 

Con*tant  demanded  Mach  no.  during 
t  en-perat  ure  change* 

G-J 

7  36 

162 

.  2 

- 

0.0017 

a  minute  cooldown,  247K-113K  at 
con *t ant  Mach  no. 

K 

246 

54 

.1 

. 

* 

0. 001 3 

1 

1 

Warmup,  UN2  off,  89K-19QK  at 
constant  Reynold*  no. 

L-M 

619 

140 

9.9 

0.171 

. 

Warrmp,  l_N2  off,  195K-250K  at 
con*tant  Reynold*  no. 

N 

359 

81 

- 

5.0 

L_ 

0.02) 

• 

’•  Number  of  *ampte*  onaly*ed 

•  Million*  per  metre 

*  0.0009  from  2  minute*  into  cooldown 


This  evidence  shows  that  indicated  Mach  number  can  be  held  constant  for  useful 
periods  of  up  to  10  minutes  or  more  (long  enough  for  the  requirements  of  most 
aerodynamic  tests  at  one  tunnel  condition)  to  a  standard  deviation  of  better  than 

0.001,  rising  only  to  about  0.002  during  relatively  rapid  temperature  changes.  When 

Reynolds  number  was  being  controlled  the  standard  deviation  was  0.5%  to  2%  of  the 
absolute  value,  which  may  be  good  enough.  The  limited  information  given  in  Table  1  on 
the  constancy  of  temperature  when  under  automatic  control  indicates  a  standard 
deviation  of  about  0.5  degrees.  This  i9  confirmed  by  other  test  data  from  80K  to  380K, 
which  also  shows  that  when  temperature  is  manually  controlled  the  standard  deviation  is 
worse,  at  1  to  1.5K. 

This  example  of  a  fairly  typical  run  is  intended  to  show  several  features: 

1)  the  rapidity  with  which  test  conditions  can  be  changed.  This  is  not  a 
feature  of  the  control  syst  em  in  the  case  of  this  tunnel, 

2)  the  versatility  of  digital  control  in  allowing  control  over  several 

selected  test  parameters.  It  should  be  mentioned  also  that  automatic 

control  is  useful  in  easing  considerbly  the  workload  of  the  operator, 

3)  the  quality  of  control,  which  is  seen  to  be  good  despite  the  fact  that 

no  attempt  has  been  made  to  optimise  the  control  algorithms. 

There  is  one  procedure  which  is  carried  out  with  ease  under  automatic  control 
but  which  is  probably  quite  difficult  to  do  manually  (although  it  has  not  been 

attempted  manually  on  this  wind  tunnel).  That  is  the  holding  of  constant  Reynolds 
number  by  continuously  adjusting  the  fan  speed  while  temperature  is  ramped  slowly  up  or 
down.  This  is  the  way  in  which  variations  of  test  Mach  number  are  introduced  at 
constant  Reynolds  number.  The  example  is  presented  because  as  yet  there  are  so  few 
fan-driven  cryogenic  tunnels  in  service  for  which  analyses  of  such  information  >s 

a\ a i 1 ab I e . 

A  final  point  on  temperature  and  its  control.  It  is  fairly  natural  that  this 

should  be  an  emotive  subject  in  relation  to  the  cryogenic  wind  tunnel.  However  it 

should  be  noted  that  the  precision  with  which  the  long-term  (and  possibly  the  short¬ 
term)  variations  of  stream  temperature  are  now  being  controlled  is  much  better  in  the 
case  of  the  cryogenic  wind  tunnel  than  is  possible  in  most  conventional  transonic  or 
subsonic  wind  tunnels.  This  is  probably  as  it  should  be,  and  the  precision  which  was 
demanded  is  just  another  consequence  of  the  cryogenic  wind  tunnel  be;ng  born  into  an 
age  when  new  standards  are  being  set. 
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3.2  The  0.3m  Transonic  Cryogenic  Tunnel  at  NASA  Langley  Research  Center 

This  wind  tunnel  is  singled  out  for  special  mention  because  of  the  outstanding 
record  of  the  tunnel  and  those  people  associated  with  it,  in  promoting  the  acceptance 
of  the  concept  of  cryogenic  testing. 

First  some  historical  facts.  the  tunnel  was  designed,  built  and  run  inside  a 
year  with  the  vigour  characteristic  of  the  US  nation,  with  a  ma in  objective  of  proving 
the  concept  by  demonstrating  at  transonic  speeds  what  we  now  accept,  and  which  with  the 
benefit  of  hindsight  even  seems  odd  to  question,  that  Reynolds  number  obtained  by 
temperature  is  the  same  as  Reynolds  number  obtained  by  other  means.  The  evidence  was 
quick  to  arrive,  leading  also  in  a  short  time  to  the  decision  by  the  U.S.  to  adopt  the 
concept  for  their  large  high  Reynolds  number  transonic  tunnel  which  is  now  running  and 
known  as  NTF .  Since  its  proof-of-concept  days  0.3m  has  been  fitted  with  a  two- 

dimensional  test  section  and  for  years  has  been  used  for  routine  testing  at  chord 
Reynolds  numbers  up  to  70  millions.  The  tunnel  is  run  two  shifts  a  day  and  at  the  time 
of  writing  is  still  the  only  cryogenic  wind  tunnel  which  has  been  u9ed  on  a  routine 

basis  for  production  aerodynamics.  The  total  running  time  is  now  in  excess  of  5000 
hours,  a  large  proportion  of  which  has  been  at  cryogenic  temperatures.  During  this 
time  it  has  pioneered  the  art  and  science  of  testing,  of  control,  instrumentation, 

model  making,  safety  and  construction  of  the  fan-driven  transonic  pressure  tunnel. 
0.3m  has  done  more  than  any  other  tunnel  to  convince  the  world  of  the  merits  of  the 

cryogenic  concept,  while  at  the  same  time  providing  a  mass  of  aerodynamic  and 
operational  data.  This  achievement  is  in  my  opinion  a  fine  tribute  to  the  engineers 

who  evolved  the  concept,  to  the  administrators  who  backed  the  venture,  to  the  designers 

and  to  the  engineers  who  have  since  come  along  and  carried  out  the  day-to-day 

operating,  maintenance  and  updating  of  the  tunnel. 

Now  to  close,  a  cautionary  note.  The  aim  of  the  cryogenic  wind  tunnel  is  to 
make  a  step  forwards  in  the  quality  of  aerodynamic  testing  by  bridging  the  Reynolds 
number  gap.  In  doing  so  we  must  be  sure  that  we  do  not  introduce  inadvertently  some 
feature  which  tends  to  degrade  the  potential  for  improvement  in  quality.  We  are  here 
to  learn,  from  experts  in  the  field,  of  the  measures  being  taken  around  the  world  to 
introduce  the  tunnel  into  more  general  use  following  the  lead  of  0.3m,  measures 

ensuring  the  proper  contribution  of  the  cryogenic  wind  tunnel  to  a  general  trend 

towards  excellence  in  the  discipline  of  experimental  aerodynamics. 
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SUMMARY 


This  paper  sunnarises  the  effects  of  cryogenic  tenperatures  on  the  nechanical  and  physical 
properties  of  materials.  (feat  capacity  and  thernal  conductivity  are  considered  in  the  context  of 
conservation  of  liquid  nitrogen.  thernal  stability  of  the  gas  stream  and  the  response  tine  for  changes  in 
operating  temperature.  Particular  attention  is  given  to  the  effects  of  differential  expansion  and  failure 
Sue  to  thermal  fatigue.  Factors  affecting  safety  are  discussed,  including  hazards  created  due  to  the 
inadvertent  production  of  liquid  oxygen  and  the  physiological  efieots  of  exposure  to  liquid  and  gaseous 
nitrogen,  such  as  cold  burns  and  asphyxiation.  The  preference  for  using  f.c.c  metals  at  low  tenperatures 
is  explained  in  terms  of  their  superior  toughness  and  the  limitations  on  the  use  of  ferritic  steels  is  also 
considered.  Non- metallic  materials  are  discussed,  mainly  in  the  context  of  their  LOX  compatibility  and 
their  use  the  the  form  of  foams  and  fibres  as  insulants.  seals  and  fibre-reinforced  composites. 


1.  INTRODUCTION 

The  industrial  production  and  handling  of  cryogenic  fluids  such  as  liquid  nitrogen,  oxygen, 
hydrogen  and  helium,  as  well  as  liquefied  natural  and  petroleum  gasses  is  now  based  on  nature  technologies 
developed  and  refined  over  many  decades.  The  needs  of  a  cryogenic  wind  tunnel  using  large  quantities  of 
liquid  nitrogen  do  not  differ  significantly  from  those  of,  for  example,  a  large  chemical  plant  or  food 
freezing,  factory  and  thus  much  of  this  technology  is  directly  transferable.  It  is.  however,  important  to 
recognise  that  the  majority  of  those  involved  in  running  or  using  a  cryogenic  wind  tunnel  are  unlikely  to 
have  had  previous  experience  of  cryogenic  fluids.  It  is  therefore  particularly  important  to  ensure  that 
the  accumulated  experience  on  the  safe  handling  of  cryogenic  fluids  is  also  passed  on  to  these  new  users. 
Much  of  this  experience  has  now  been  gathered  together  in  manuals  and  texts  such  as  references  1.  2  K 
This  information  should  he  digested  and  understood  not  only  by  those  with  managerial  responsibility  for 
safety,  but  also  by  those  directly  involved,  and  as  far  as  is  practical,  by  those  indirectly  involved  in 
the  use  of  cryogenic  fluids.  Unjustified  alarm  created  in  the  minds  of  those  in  receipt  of  a  suitable 
training  program  can  usually  be  allayed  by  a  full  and  frank  examination  of  the  facts.  ’ustifiahle  alarm  is 
better  exposed  before  an  accident,  when  remedial  action  can  be  taken,  than  after  a  tragedv.  Finally,  the 
old  adage  "familiarity  breeds  contempt"  is  unfortunately  true  and  even  experienced  personnel  can  get 
careless.  Cryogenic  fluids  such  as  liquid  nitrogen  deserve  a  healthy  respect,  but  when  handled  with  care, 
their  use  can  open  up  new  areas  of  technology  such  as  the  cryogenic  wind  tunnel.  In  view  of  the  importance 
of  using  the  correct  procedures  in  the  design,  construction  and  operation  of  crvogenic  tunnels,  those 
sections  of  this  paper  that  have  a  direct  bearing  on  safety  will  be  highlighted  by  the  use  of  hold  print. 

Those  involved  in  the  design  and  construction  of  cryogenic  wind  tunnels  and  the  models  that  are 
to  he  tested  in  them  need  a  more  thorough  understanding  of  the  properties  of  cryogenic  fluids  and  materials 
and  techniques  of  construction.  In  the  previous  Af.ARD  lecture  series  No.  1 1 1  on  Cryogenic  Wind  Tunnels. 

lef.  ♦  ).  the  author  gave  two  lectures  on  the  Physical  and  Mechanical  Properties  of  Materials  and  !>r.  R. 
^curlock  gave  three  lectures  on  Cryogenic  Fngineering.  These  lectures  set  out  basic  principles  for  the 
safe  handling  of  cryogenic  liquids  and  the  construction  of  cryogenic  equipment  and.  five  years  later,  these 
principles  are  equally  valid.  In  this  lecture  we  will  try  and  distill  the  essence  from  the  material 
contained  in  these  five  lectures  and  update  it  in  the  light  of  the  progress  made  since  the  first  lecture 
course.  For  a  more  thorough  understanding  of  the  subject  the  reader  is,  however,  encouraged  to  consult  the 
original  papers,  particularly  as  much  numerical  data  on  the  physical  and  nechanical  properties  of  materials 
was  collated  in  the  tables  therein  (Refs.  5  <>).  Further  valuable  information  is  also  contained  in 

Toblers  excellent  report  on  "Materials  for  Cryogenic  Wind  Tunnel  Testing”  ( Ref .  71 

Before  considering  these  factors  in  detail,  it  is  worth  taking  a  brief  overview  of  a  typical 
large  installation.  Firstly,  let  us  consider  the  storage  and  transfer  of  the  large  quantities  of  liquid 
nitrogen  needed  to  run  a  tunnel.  In  principle,  this  is  virtually  identical  to  the  situation  which  exists 
in,  for  example,  a  large  food  freezing  plant.  The  storage  vessels,  pumps,  valves  and  control  equipment, 
all  serve  the  sane  purposes  and  there  are,  therefore,  sound  reasons  for  considering  them  as  a  commercial 
package  once  the  relevant  design  specification  has  been  established.  Thus,  for  example,  it  should  not 
matter  whether  *>",  nickel  steel,  106  stainless  or  50R3  aluminium  is  chosen  for  the  construction  of  the  I. IN 
storage  vessel  as  long  as  it  is  carried  out  by  a  technically  competent  organisation.  In  nanv  respects  the 
design  and  construction  of  the  transfer  line  should  also  be  a  relatively  simple  commercial  consideration 

once  local  constraints  and  requirements  have  been  identified. 

Secondly,  in  the  design  and  construction  of  the  tunnel  itself  it  is  necessary  to  l>ear  in  mind  the 
extra  constraints  that  cryogenic  operation  will  introduce.  For  example: 

-  thin,  light  structures  cool  down  more  rapidly  and  evaporate  less  cryogenic  fluid  than  do  heavy  sections, 

thus,  if  fast  thermal  response  is  required  it  is  essential  to  minimise  the  thermal  mass  of  the  structure. 

-  insulation  is  necessary  to  cut  down  the  heat  inleak  to  the  working  space  and  hence  the  effective 
refrigeration  power  used.  This  insulation  can  be  applied  either  internally  or  externally  and  the 
implications  of  this  decision  are  manifested  in  considerations  of  the  snooth  profile  of  the  inner  liner  in 
the  first  case  and  in  the  toughness  of  the  pressure  shell  at  cryogenic  tenperatures  in  the  second. 


-  all  materials  contract  to  a  greater  or  lesser  extent  when  they  are  cooled  and  one  of  the  essential 
aspects  of  the  successful  design  of  cryogenic  equipment  lies  in  avoiding  the  problems  created  by 
differential  contraction  caused  by  tenperature  gradients  or  the  juxtaposition  of  dissimilar  materials. 

some  materials  enbrittle  at  low  temperatures  and  it  is  of  critical  importance  to  select  materials  with 
strengths  and  toughnesses  adequate  for  their  intended  duty.  The  failure  of  even  a  non- structural  component 
could  possihlv  cause  damage  further  down  the  tunnel,  or  lead  to  the  premature  end  of  a  test  run. 

-  all  materials  used  must  be  compatible  with  their  working  environment  both  internally  and  externally. 

Design  must  ensure  the  prevention  of  accidental  condensation  of  liquid  oxygen,  particularly  in  the  presence 
of  hydrocarbon  based  polymers  which  are  1.0X  incompatible. 

Thirdly,  it  is  important  that  designers  and  operators  are  aware  of  the  differences  that  a  l««w 
tenperature  environment  will  induce  in  a  tunnel  and  its  associated  equipment  as  compared  to  conventional 
operation  at  ambient  temperatures.  Thus,  certain  aspects  of  the  model  suspension  and  force  measuring 
svster.s  will  have  to  be  reconsidered  in  the  light  of  their  cryogenic  operating  environment,  for  example: 

the  materials  used  to  construct  the  sting  assembly  have  tn  he  very  strong,  and  stiff.  in  nanv  alloys  high 

strengths  are  associated  with  low  toughnesses  and  as  the  strengths  of  all  netLals  increase  at  low 
temperatures,  it  is  essential  to  ensure  that  their  toughness  does  not  fall  to  unacceptably  low  levels* 
current  state  of  the  art  technology  seems  to  favour  the  various  grades  of  na raging  steel  and  the 
precipitation  hardened  and  high-nitrogen  forms  of  stainless  steel  for  sting  construction. 

it  the  force  balance  systems  are  to  operate  at  ambient  temperature  in  a  cryogenic  tunnel,  heaters  must  be 
used  to  warn  the  appropriate  regions.  Low  conductivity  materials  have  to  be  used  to  provide  the  necessary 
heat  breaks  between  warm  and  c<  Id  regions,  while  high  conductivity  inserts  can  even  out  unwanted 
temperature  gradients. 

-  alternatively,  if  the  whole  system  is  to  operate  at  low  temperature  it  has  to  bp  possible  to  calibrate 
out  the  variations  in  the  gauge  constants  brought  about  by  chang.es  in  the  electrical  resistivity  of  the 
•’otallic  films  or  wires  and  adequate  noisture  proofing  is  essential. 

provision  should  be  made  for  the  removal  of  the  model  assembly  from  the  test  section  without  the  need  to 
warm  up  the  whole  tunnel,  furthermore,  a  cold  model  assembly  should  be  allowed  to  warn  up  in  an  atmosphere 
of  drv  nitrogen  if  problems  caused  by  moisture  condensation  and  frost  build  up  are  to  be  avoided. 

At  this  stage  it  is  worth  emphasising  that  care  needs  to  be  exercised  in  the  use  of  data  taken 
from  compilations  and  reference  manuals  because  some  properties  are  more  "structure  sensitive"  than  others, 
for  example,  the  electrical  and  thermal  conductivities,  strength,  ductility  and  toughness  of  materials  are 
properties  that  are  highly  dependent  on  the  nicrostructural  and  chemical  condition  of  the  material.  In 
contrast,  the  specific  heat,  thermal  expansion  and  elastic  moduli  are  relatively  unaffected  by  the  presence 
of  structural  defects.  Thus,  although  it  is  possible  to  apply  the  data  taken  from  the  literature  for  the 
structure-insensitive  group  of  properties,  it  would  be  unwise,  and  even  dangerous,  to  use  uncritically  the 
values  given  for  the  defect  sensitive  properties.  These  should  be  used  for  guidance  only  and  if  at  all 
possible,  they  should  be  backed  vip  by  data  obtained  experimentally  on  material  obtained  from  the  suppliers 
of  the  batch  of  material  to  be  used:  in  the  absence  of  such  experimental  verification,  generous  safety 
margins  should  he  applied  to  the  literature  data. 

2.  THERMAL  AND  OTHER  PHYSICAL  PROPERTIES  OF  MATERIALS 

.’.1  He.it  opacity  and  Specific  Heat 

Information  on  the  heat  capacity  or  specific  heat  of  materials  used  in  the  construction  of 
cryogenic  equipment  is  necessary  in  order  to  calculate  the  energy  that  has  to  be  supplied  for  cool-down  to 
the  operating  temperature.  Structures  with  the  highest  heat  capacities  require  the  largest  amount  of 
cooling  and  this  has  to  be  supplied  by  the  latent  heat  of  the  evaporating  liquid  nr  by  the  sensible  heat  of 
the  cold  gas.  For  structures  which  have  to  undergo  frequent  cooling  and  warning  cycles,  it  is  important  to 
minimise  the  total  heat  capacity,  or  thermal  mass,  to  achieve  both  low  liquid  boil-off  rates  during  cool¬ 
down  and  also  short  cooling  tines:  for  equipment  that  rarely  warns  up  once  it  is  cooled,  low  heat 
capacities  are  not  so  important.  A  further,  and  highly  relevant,  exanple  of  the  effect  of  thermal  nass  may 
he  illustrated  by  comparing  the  oj>erating  experience  of  the  NASA  0.3-n  TfT  with  that  of  the  tunnel  at  the 
1  niversity  of  Tsukuha,  Japan.  In  the  NASA  tunnel  virtually  no  problems  were  experienced  in  controlling  the 
temperature  of  the  working  gas  by  varying  the  liquid  nitrogen  injection  rate,  while  the  Japanese  group 
found  the  maintenance  of  steady  temperatures  nuch  more  difficult.  The  clue  to  this  difference  is  t<>  be 
found  in  the  designs  of  the  tunnel  liner  and  insulation  system.  The  NASA  tunnel  is  insulated  on  the 
outside  of  the  MiM-Tfi  aluminium  alloy  pressure  shell  and  thus  a  large  thermal  mass  of  metal  is  cooled  down 
to  the  working  temperature.  The  thermal  inertia  of  this  large  mass  evens  out  fluctuations  in  the  gas 
t*v  peraturc  that  would  otherwise  he  created  by  variations  in  the  liquid  nitrogen  inieetion  rate.  In  the 
Tsukuba  tunnel  the  insulation  is  inside  the  mild  steel  pressure  shell  and  the  inner  wall  is  thin  and  has  a 
low  thermal  nass.  ft  is  thus  unable  to  absorb  much  heat  without  its  temperature  rising  and  the  li quid 
nitrogen  injection  control  system  has  to  work  nuch  harder  to  achieve  temperature  stability.  nn  the  other 
hand,  deliberate  changes  in  the  operating  temperature  are  achieved  more  rapidly  in  the  Japanese  tunnel. 

For  heat  balance  calculations  it  is.  in  fact,  the  enthalpy.  H  ~  J\' p  dT.  which  is  of  most  direct 
use  and  in  Reference  y  tabulated  values  of  the  enthalpy  relative  to  absolute  zero  are  given  together  with 
the  specific  beat  at  constant  pressure,  rp,  for  a  range  of  metals  and  non-metals.  The  specific  heats  of 
all  materials  drop  off  at  low  temperatures  eventually  to  become  zero  at  <>  K,  and  the  very  low  values  found 
at  hydrogen  and  helium  temperatures  can  cause  large  tenperature  differences  to  be  set  up  by  a  small  heat. - 
influv.  At  liquid  nitrogen  temperatures  and  above  these  effects  are  not  so  severe. 

Although  large  amounts  of  cold  work  nay  cause  a  slight  decrease  in  heat  capacity,  for  practical 
purposes  specific  heats  are  largely  unaffected  by  the  normal  range  of  conditions  found  in  metals.  The 
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specific  heats  of  pure  crystalline  solids  over  the  complete  ter.-perute  range  is  given  hy  t/ie  i*ehve  theory 
an*l  knowledge  of  t.ie  characteristic  temperature.  !l,  allows  calculation  ot  the  specific  heat  at  the 
required  temperature,  f  ;;ef .  *1.  specif  ic  heats  oi  alloys  at  roon  temperature  are  given  approximately  bv  the 
1  opp-Newnan  rule  of  ni-tures  in  which  the  specific  heat  >■}  a  metallic  solution  is  given  hv  the  sur.  of  the 
products  of  sj^ecific  heat  and  mlar  traction  for  each  constituent  elenent.  Although  the  rule  ge t s  less 
applicable  at  low  tenperatures .  in  the  absence  >f  alternative  data  it  Rives  an  acceptable  first 

approximation,  furthermore ,  it  is  worth  not  i  nr.  that  the  lattice  structure  has  a  stronr.  influence  op 

specific  heats  as  illustrated  hv  the  . .hservat ion  that  the  measure!  specific  heat,  of  t.c.c.  austenitic 
stainless  steels  are  closer  to  those  calculated  for  gar-rva  iron  than  those  measured  on  the  l-.c.c.  alpha 
iron.  The  specific  heats  of  non- crystal line  and  amorphous  materials  cannot  be  described  by  the  Debye 
theory  am!  there  is.  there  lore,  no  satisfactory  alternative  to  measured  values  for  materials  such  as  glass 

ana  amorphous  cera?  ics.  as  t y*»U  is  .<12  ;>o2  i’ners .  ^Jnstorors.  composites  and  adhesives.  I.'hen  considered  on 

a  unit  mass  oasis  most  *>!  those  materials  have  hir.li  heat  capacities  comparer!  to  metals,  hut  this 
discrepancy  is  reduced  if  they  are  considered  on  a  unit  volume  basis. 

.* .  :  I io r-  a  1  <>nduct  ivit  v 
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i'«»nduct. ir»n  of  heat  in  soli<ls  ta'  "s  place  through  the  vibration  of  their  lattice  atoms,  and  in  the 
case  of  metals,  hv  the  movement  of  their  conduction  electrons.  Any  mechanism  which  makes  these  processes 
:  ore  difficult  lowers  the  thermal  conductivity  of  the  material  and  hence  hip.h  conductivities  are  found  in 
pure,  strain  !r»»e,  largo  grain  or  sinp.le  crystal  metals  and  non-metals,  while  low  conductivities  are 
associated,  with  impure,  stressed,  amorphous  or  microcrvstalline  structures.  As  it  is  difficult,  if  not 
impossible,  to  recognise  these  different  conrlitions  by  look  in  p,  at  the  surface  of  a  material,  and  as  the 
physical  and  mechanical  history  of  the  sample  is  rarely  well  documented,  great  uncertainties  can  arise  in 
usinp,  thermal  conductivity  data  from  the  literature.  However,  in  many  cases,  conductivities  at  one  extreme 
or  the  other  are  required  -  for  example,  very  low  conductivities  where  heat  breaks  are  required  to  reduce 
heat  influx,  nr  very  high  conductivities  to  minimise  thermal  Gradients.  In  General,  r.ood  conductors  are 
:■ materials  of  hiph  purity  and  in  an  annealed  state,  while  bad  conductors  are  either  alloys  with  manv 
components  and  complex  nicrostructures.  or  non-metals  with  amorphous  or  nicrocrystalline  structures,  ‘‘till 
lower  conductivities  may  lie  obtained  by  increasinp.  the  number  of  interfaces  crossed  by  the  heat  flux;,  lor 
example,  stacks  of  stainless  steel  discs  may  be  used  for  conpressively  loaded,  themallv-insulatinj; 
supjiorts.  while  the  combination  of  many  fine  glass  filaments  with  a  therm,  -setting  plastic  matrix  ('..F.P) 
p.ives  a  material  with  the  hip.hest  known  ratio  of  tensile  or  compressive  strength  to  thermal  conductivity. 
The  use  «f  b.k.!'.  supjiorts  to  separate  the  inner  and  outer  skins  of  modern  vessels  for  storing  cryogenic 
liquids  is.  in  a  large  measure,  resjxinsible  for  the  low  boil-off  rates  currently  achieved. 

It  should,  however,  be  noted  that  although  the  amorphous  or  nicrocrystalline  structures  of  most 
non-metals  make  them  very  efficient  thermal  insulators,  it  also  makes  then  very  brittle,  especially  in  the 
bulk  form  and  they  can  be  excessively  prone  to  thermal  shock  if  cooled  rapidly.  Furthermore,  variations  in 
their  density,  structure  and  processing  history  can  change  their  thermal  conductivities  by  about  an  order 
of  magnitude  as  well  as  causing  considerable  anisotropy,  so  care  has  to  be  taken  in  extracting  suitable 
values  from  the . literature . 


2.)  Thermal  Fxpansion 

This  is  probably  the  most  important  of 
the  physical  jvroperties  because  the  stresses  set 
up  in  components  by  differential  thermal  expansion 
can  very  easilv  cause  severe  distortion  or,  at  the 
worst,  failure.  The  total  linear  contraction  of  a 
number  of  representative  materials  is  shown  as  a 
function  of  temjierature  in  Fig.  1.  It  can  be  seen 
from  the  figure  that  the  total  linear  contraction 
at  77  K  varies  from  about  0.0r>7!  for  Invar  and 
Pyrex  glass  to  over  for  some  thermosetting, 
resins,  and  it  is  not  surprising,  therefore,  that 
problems  can  arise  when  materials  are  used 
together  without  adequate  forethought.  Problems 
can.  in  practice .usually  be  resolved  into  two 
basic  categories. 

i)  those  in  which  only  one  typo  of  material 
is  involved  and  where  differential  contraction  is 
a  result  of  temjierature  gradients. 

ii)  those  in  which  the  sane  temperature 
gradient  is  applied  across  two  or  more  materials 
of  different  expansion  coefficient. 


Temperature  (K)  - ► 


Figure  l.  Total  Linear  Contraction  of 
Selected  Materials 
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Considering  first  the  case  of  dissimilar  materials,  l  common  mercury  in  glass  thermometer  uses 
the  large  differences  in  expansion  coefficients  between  the  two  components,  but  no  stresses  are  set  up  as 
the  mercury  is  free  to  nove  inside  the  glass  tube  (Fig.  2a).  In  contrast,  a  bi-metallic  strip  consists  of 
two  metals  firnlv  fixed  together,  and  when  the  temperature  decreases  the  free  end  moves  towards  the  side 
containing  the  metal  with  the  higher  expansion  coefficient  (Fig.  2b).  If  the  end  were  not  free  to  move  the 
metal  with  the  higher  exjvinslon  coefficient  would  be  put  into  tension  and  the  other  metal  into  compression 
'Fig.  .!c  > .  An  idea  of  the  forces  that  can  be  set  up  by  contraction  in  dissimilar  metals  can  be  obtained  by 
considering  the  hypothetical  arrangement  illustrated  in  Fig.  2(d),  in  which  co-axial  copper  and  steel  pipes 
ioined  at  both  ends  are  cooled  to  ftn  K.  The  total  linear  contraction  of  copper  is  302  xlO"  .  while  that  of 
a  i 1 .  ?*■>  carbon  steel  is  1<*2  xl,!'f  .  a  difference  of  110  xlO*5  or  just  over  0.17'.  Thus  the  differential 
strain  is  slightly  larger  than  that  considered  to  give  the  proof  stress,  which  in  copper  at  SO  K  is 

about  **  MPa.  If  the  joint  between  the  two  metals  were  a  soft  lead-tin  solder  it  would  have  to  yield  and 
flow  in  order  to  accommodate  this  degree  of  nisnatch.  (Data  from  Ref.  10) 
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An  even  note  relevant  example  is 
illustrated  in  Fig.  2(e)  which  shows  a  section  of 
an  externally-insulated,  closed-circuit  cryogenic 
tunnel.  When  cold  the  wall  of  the  tunnel 
contracts  relative  to  its  warm  mountings  and,  as 
one  end  is  effectively  clanped  by  the  fan  shaft 
bearing,  the  other  end  must  be  able  to  move  to 
prevent  thernall y-induced  stressing  on  cooldown. 

In  the  NASA  IaRC  0.3-m  TCT  this  is  accomplished  by 
supporting  the  wall  on  a  stainless  steel  supports 
which  slide  on  re-inforced  PTFF  pads, 
differential  contraction  between  the  inner  and 
outer  walls  is  a  common  design  problem  in  transfer 
lines  for  cryogenic  fluids  and  some  form  of 
expansion  ioint  has  to  be  built  into  the  system. 

It  was  noted  earlier  that  the  total  linear 
contraction  of  Invar  from  100  to  77  K  was  very 
much  smaller  than  other  alloys,  about  l/6th  of 
that  of  austenitic  stainless  steels  and  1/Bth  of 
that  of  aluminium  alloys.  Thus  a  transfer  line 
with  the  Inner  wall  made  fron  Invar  would  need 
only  1/oth  or  l/^tb  as  many  expansion  ioints  as  it 
would  if  made  fron  stainless  steel  or  aluminium 
alloy  resect ively  and  the  savings  thus  achieved 
are  sometimes  more  than  enough  to  offset  the 
higher  material  and  fabrication  costs  associated 
with  Invar. 


SKETCH  Of  0.3-m  TCT 
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A  further  example  of  nisnatched 
materials  is  illustrated  in  Fig.  2(f)  by  a  flanged 
ioint  between  aluminium  alloy  and  stainless  steel 
pipes.  Aluminium  alloys  contract  more  than 
stainless  steels  and  if  an  aluminium  alloy  bolt 
were  used  its  loading  would  be  increased  as  it 
contracted  nore  rapidly  than  the  stainless  steel 
flange.  It  is  possible  that  the  bolt  night  in 
fact  fail  on  cooling:  if  not  it  would  yield  and 
stretch  so  that  on  warning  to  room  temperature  it 
would  now  be  too  long  to  compress  the  gasket 
adequately  and  a  room  temperature  leak  would  be 
created.  The  use  of  a  stainless  steel  bolt  would 
also  cause  problems  because  on  cooling  it  would 
contract  less  rapidly  than  the  aluminium  flange 
and  so  be  unable  to  keep  the  sane  compressive 
stress  on  the  gasket  -  the  likely  outcome  being  a 
low  temperature  leak  which  would  then  seal  itself 
up  when  the  ioint  were  rewarmed  to  ambient 
temperature.  This  type  of  low  temperature  leak 
will  be  recognised  by  those  with  cryogenic 
experience  as  a  source  of  considerable 
f rust  rat ion! 

One  elegant  solution  to  this  problem  is 
shown  in  Fig.  2(g).  A  long  stainless  steel  bolt 
passes  through  the  centre  of  a  Monel  compensating 
sleeve  as  well  *s  through  the  two  flanges,  the 
length  of  the  Monel  sleeve  being  calculated  to 
compensate  exactly  for  the  lower  contraction  in 
the  bolt.  The  total  linear  contractions  at  80  F 
relative  to  293K  are  591  xlO"*  for  aluminium,  2  36 
for  Monel  and  285  for  type  309  stainless 
respectively,  hence  the  difference  between  the 
stainless  bolt  and  the  aluminium  flange  is 

and  that  between  stainless  and  Monel  is 
V*  xli.  .  If  the  aluminium  flange  were  10  mm  thick 
a  Monel  sleeve  10  xlo6/49,  i.e.  21.6  mm  long  would 
be  needed  for  exact  compensation.  The  same 
principle  nay  be  used  for  joints  between  9"  nickel 
steel  and  aluminium  flanges  by  using  an  Invar 
'Silo  56)  sleeve  to  compensate  for  the  contraction 
in  the  Ni  steel  holt. 


2(e  ) 


2(g) 


liquid  nitrogen 


Returning  to  the  case  where  temperature 
differences  can  cause  problems  even  when  the 
material  is  the  sane.  Fig.  2(h)  shows 
schematically  a  situation  in  which  co-axial, 
thermally-insulated  vessels  are  joined  at  their 
extremities.  If  the  vessels  were  made  of  mild 
steel  the  total  linear  contraction  of  the  inner 
shell  at  80  K  would  have  been  192  xlO'*  relative 
to  the  outer  shell  which  remained  at  ambient  temperature. 


2(h) 


Figures  2(a)  to  (h)  Examples  of  Differential 
Thermal  Contraction  caused  by  Pissinilar 
Materials  or  Temperature  Gradients. 
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This  sr  mi  i  i.Ms  ton  laive  tn  he  accomodated  i>v  the  r?ld  steel  which  was  not  only  below  ’  s  ductilo- 
brittle  transit  ion.  hut  in  all  pr  >t  -n  ?-1 1  i  t  v  eribrittled  by  the  we  Id  in#:,  vised  in  its  fatu  :  cat5  >n. 

".'he  whole  mention  of  tits  and  clearances  at  low  ter  pe  rat  tires  has  to  be  kept  v*  rv  rurh  in  v.inJ. 

“•  st  of  us  are  t.i-.iliar  with  the  practice  <>t  heating  a  pear  wheel  before  placing  it  onto  a  shaft  so  that  it 
will  shri r.-  t  >  .»  tight  tit  ->n  mo  line.  **or.«»  will  also  be  aware  that  the  sane  operation  is  soviet ines 
carried  *’ut  hr  coolim  tin*  shait  wit!,  li  nil  nitrogen  prior  to  fitting  the  pear  :  that  the  required  lit  is 

■  •ht  1 1  !;•'*!  when  t  ho  shaft  ••  •  .mds  -»n  r*war:  in»  to  r<  •>:.  r.  era-era  tore .  These  cxanples  should  he  rerierihere  1  when 

.-‘••nhtruc*  inc  i .. .  ■  »*r  >th»u  fittings  where  there  are  close  fits  and  snail  clearances.  <n 

1  i  1 1 1  ■  s.'  1  I  e  .i  i  a  mi»  cm. 1.1  •irber  le  crease  and  cause  a  sei  Mire,  or  increase  and  lead  to  looseness  and 

• .  si  •  I*-*  .  hi  *  .-at.  -.inifest  itself  in  chanpes  in  the  clar.pinc.  force  applied  to  node  Is  Which 

.If  !*■  ••  -*  *■  - 1  i  -.»•  .n!  i!  l**w  t  he  ■<  lei  t<»  vibrate  loose,  r  increase  and  possillv  cause  d  a:\aro. 

•  ■•re:...'  r  i  .  ..ill  r*'-  inf  us  that  these  probler.s  are  likelv  t<  he  particularly  severe  where  non- 

■  .11:  «!•••:  it*  ve  f  (s  their  r..rai  line  run:  ract  i ■  *ns  are  so  large . 

•nail.  ;•  :  ..  ■rt !  re]  r.  »‘r.i  i  i  nc  '  he  n  ■ .'nt  -ad**  earlier  ilmiit  then  al  shock.  \.e  have  now  seen 

•  •  •*  '*  m  •  •  »  -1-  •■••  1  ••  t  her'  a  1  n  .  ..  t  :  vi  t  i*>s  »»»•!  J  i  rt.  e-mansion  coefficients.  and  wo  will  find 

'.Met  *•.■*  •:  •  1  ••  -l-  •  e-  -rift  led  it  1=  •»:  t  «•»:  per-it  ur**s.  he  thus  have  a  cor.bi  nation  of  the 

•  ■  r-1*  :  a-  »  r  --  •  h.»  :  t  ?h*r-..l  sh«-.-.  mi  t  fie-,  .ire  ; art icularl v  sever.*  it  the  materials  are  present  in 

•  f.:  ■  s.-ct  •;  s  1 1:  1  >  r  ••■•1  rites  »re  high.  *  e....rr  !s.*less.  brittle  materials  can  he  used  sat'el*.  at  low 

•  .-r  :*  •.  ‘  .cfi  c  xV'  i  <  *  i  ••!..  ■  >t  c  !  1  •’*  li  :i  f  hvlr»»g**n  1  uf-f  le  char. hers  have  :  late  class  windows 

t  ■  •••  if  s  •.,!  i  h  ir*'  '  -l":  t  ■  r  si*-  '  a  !••.  rees  •  i  <m  lav  to  prevent  therr.al  shock.  in  the 

f  '.  i'U.iho  l.  r  tv.  c»*ni  ■-  win:  tunnels,  it  is  or  ’ll  -  u  :  Setter  to  follow  th<  practice  adopted 

r-r  b  ■  •  t  -  .rir.-*  1  t  t  i  r.c  ,u  sdru;  1»*  ,1  purre  1  wi  th  Irv  nitrocen.  ".'his  not  onlv 

:  •  i  'hr  1 1  who.  -  hut  it  cut  r.  b-v.r.  the  >.»*  it  ■  s  >  an  i  prevents  condensation  on  the  outer  skin,  then 

•  r.  lilt:  1  » v  *  r  s\ste-  ir  :s  i-  pert  ir.t  t  •  ensure,  rr.it  the  pmee  c.-.s  is  fed  in  f  ror.  the  war:  si  le  in' 

•  ■  h. lusted  at  the  mil  lace,  as  t  lv*w  in  t  f.e  «.;;>osite  !  i  r»- c  t  i  •  -i*  is  liai  le  tb.  cause  mndensat  ion  on  the  outer 

•  :  *-rs  t s  rhev  »re  cooled  Sy  the  c  -l  .  ras  Seine  !*•!  :  r<c  *  t .*  inside. 

'.  •  fb’PF'RTIKS  OF  CRYOGKNIC  n.l  l^ 

"he  producti  on  of  tonnage  u.mt  if  ies  -i  li  ii  !  •>  we:.  .»n*l  nitrocen  bv  the  fractional  distillation 

:  li  ,ui  1  air  is  a  coimercial  process  rs.st  •  .,s  . fe-.f-p  ;.e  i  •  -nt  intmusl v  .-ver  alr.ost  1  o- ■  vears.  The 

c. 1  i:  i  1  i  f  v  of  li  juid  rutropen  in  t-nna.-e  •nntiti-s  iv.it  i.llv  can*  .s  a  Sve- product  of  the  re  ;ui  rer-.ent 

:■  r  l  •.  r.-e  .uantities  «*  f  li  -ui  1  <■  vn>:;  i .  *r  use  ,n  st..*«*l  -.>.it.r.  rm-.et  tuels  and  other  applications.  hi  paid 
nirro-en  is  reidi.lv  tva  ilal-le  and  ;v.-p.-  me  •.•♦*».  si  v*  in!  it  was  this  nr!  i  nation  t  fiat  trie, cored  the 

;  :ii  t  i  tl  levels  of  the  :-rorot.  •/:»•  >  rv'-cei.i  .  wind  r  innels  in  the  •*arlv  '.  1 T  ‘s.  ‘V.  lorn  larce  tunnels  such 

is  the  '  : :  consul  .e  s*«  Midi  nit  t  *  *»*•»?!  that  ie-ii  ..it  »*  *  .ir  se-.-arat  i.*n  Mint  is  nee  lei  lor  their  supjlv.  the 
1 1  ,'iit  *!••., -*»n  now  i  nr  the  sal«*.rle  :•.-*■  ’.P  fcm-l:  t  he  -jesirn'T  <-r  -perator  <f  a  crvopenic  wind 

•  unnel  l.-.es  not  nee  1  t-  r  t'.ow  th*-  let  uls  -!  t  !,e  ro- r .  i  1 1  li  .uel  »<-t  i*.n  process,  sov.e  mderstandinc.  of  the 

Msic  t  her1  op.n.v  i  •  oeehani  *>■  :  the  *<■  u.tr  *  t  i  •  t.  •  t  1 1  ui!  nr  into  it  *>  :a  -t  constituents  is  desirable  as 

iriorre.  t  l**si,-ti  i  •  u‘*r  i f  ••  •••  e*<t.  »  hat  uses  li  ui  1  nitrocen  can  cause  the  inadvertent  production 

:  li  -'i-.  :  ..-wen  ml  -Teat*  >  pot  ►  nt  ial  1’.  seri-us  tire  ha.  a  r  1 .  *asi(  aspects  of  ''rvoc.enic  inr.ineerinc  are 
husrr:  •"  .*  i re  ,*e  #*•:.'  ii  ml  ;  . 

;  .  ;i  .  '■ .  ?  .  •  ••  ceii  and  ’.  i  t  r  =cen 

lie  a s i  i  ;  ropert  •  es  i  li  ui  1  air  and  its  c<nstituents  are  set  out  in  Table  1  and  discussed  in 
T  he  v.p.t  tw*  sect  i "lis  . 


a!  le  !  hro'^rt  ies 

:  i  ;ni  l  ‘-it  ro^en . 

Air.  Argon  and 

■  v.yge  n  (  kefs  . 

1  a n i  ID 

ropert  v 

'•it  ropen 
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Argon 

oxygen 

"olecular  Weiptit 

s .  ■ 

“O 

32 

■ "ritical  Pressure  atr.’ 
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hornal  1  oiling  Point  (  K 
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,8  87.3 
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8  7ft 
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Boilinp,  Point  fkg/nl) 
Specific  Gravity  of  Gas 

n.97 

1 

1.38 

1.10 

at  2fi8  f  and  1  atn. 

Ynl.  Gas  C-  28SK  f»  l  atn. 

f.83 

7  30 

823 

B4  3 

/unit  vol.  liquid  0  R.P. 
Patent  Heat  of  Vapor¬ 

199 

2tJ5 

1M 

213 

isation  fkJ/kfi) 

Specific  Heat  of  Liquid 

2.038 

1 .9(,7 

1  .  13fi 

1  .  u90 

Cp.  ft/kg.K) 

Liquid  Viscosity 

1S8 

1ft  3 

25ft 

188 

' nlcro Pascal . sec) 

Pa  ramagnetisn 

none 

oxygen  /  3 

none 

strong 

Colour 

colourless 

light  blue 

colourless 

blue 

Oxidizing  Power 


none 


noderate 


none 


very  strong 


ri'  *  hinarv  phase  diar.rar  between  pure 
'■•yf.en,  P.P.  'hi.  y.  ami  pure  nitrogen.  P.T.  77.  < 

.  is  shown  in  l  ip..  3.  The  conposit inn  of 
gaseous  air  is  taken  as  ’l".  oxygen,  7*r.  nitrogen, 
the  nim>r  constituents  such  as  argon  being  ignored 
for  r*v  .^..ike  of  simplicity.  Tor  air  the  dew  point 
i^rature.  where  droplets  of  liquid  start  to 
condense  fron  the  saturated  vapour,  is  *1.N  K. 

:he  bubble  r»oint  temperature .  where  bubbles  of  pas 
start  to  form  in  the  saturated  liquid,  is  7s. 8  K. 
"he  Jiorizontal  tie-line  drawn  at  ftl.ft  K  connects 
the  composition  of  the  vapour,  21"  oxygen- 7 
nittopen.  with  that  of  the  liquid  with  which  it  is 
in  equilibrium,  30*  oxygen- ’>o",  nittopen.  thus 
illustratinp  that  the  liquid  is  enriched  with 
<i>:vr,en.  I n  commercial  air  separation  this 

enrichnent  is  exploited  by  re -evaporating  the 
liquefied  air  and  allowing  the  nitrogen-enriched 
pas  to  rise  up  the  column  while  the  liquid 
descends  and  becomes  progressively  richer  in  oxygen 
as  more  and  no  re  ni  trope  n  eva,'»orates. 


Figure  1.  Nitrogen  /  '.'xvp.en  Phase  l'iap.rar 


3.1.2  Inadvertent  Liquid  OXygen  (1.0X3  formation. 


it  is.  however,  the  inadvertent  formation  of  oxygen-enriched  liquid  that  is  of  much  greater 
significance  to  the  operator  of  a  cryogenic  wind  tunnel.  If  air  comes  in  contact  with  a  surface  cooled  to 
temperatures  below  HI. ft  K,  it  will  condense  and  form  a  liquid  enriched  in  oxygen.  Subsequent  evaporation 
f  the  nitrogen  will  further  enrich  the  liquid  until  the  remaining  liquid  is  virtually  pure  oxygen.  This 
can  constitute  an  extremely  serious  fire  hazard  if  there  are  combustible  materials  present.  All 
hydrocarbon-based  solids,  liquids  and  gasses  are  I.OX  incompatible  and  the  greatest  care  should  he  taken  to 
avoid  their  presence  in  an  oxygen-enriched  atmosphere.  If  the  cold  surface  is  visible  and  covered  with 
frost,  its  temperature  is  too  high  to  condense  liquid  oxygen.  If  it  looks  wet  and  free  of  frost  it  is 
probably  because  the  condensing  liquid  air  has  washed  any  frost  away. 

Despite  its  low  temperature,  liquid  oxygen  is  an  extremely  efficient  oxidizing  agent  and  many 
materials,  including  some  metals,  will  burn  violently  if  ignited  in  its  presence  as  the  heat  released 
during  combustion  is  about  an  order  of  magnitude  greater  tf  an  the  latent  heat  needed  to  vaporise  the  liquid 
to  gas.  Particularly  reactive  metals  such  as  titanium  and  magnesium  are  a  hazard  even  in  the  bulk  form, 
while  ferritic  and  austenitic  steels,  aluminium  and  zinc  will  burn  fiercely  when  in  the  finely  divided  form 
of  dust  or  fibres.  All  hydrocarbons,  including  ordinary  clothing,  human  hair  and  tissue  as  well  as  many  of 
the  plastic  foams  and  fibres  used  in  insulation  systems  are  LOX  incompatible  materials.  Further  details  of 
the  I.OX  compatibility  of  plastics  materials  are  given  in  Table  10  of  Ref.  5,  There  are  two  ways  in  which 
such  materials  may  be  used  safely.  The  first  is  to  apply  an  impervious  vapour  barrier  to  the  outside  of 
the  insulation  to  prevent  air  ingress.  This  has  the  additional  benefit  of  excluding  water  vapour  which 
night  otherwise  lead  to  ice  formation  and  degradation  of  the  insulation  material.  The  second  is  to  ensure 
that  the  material  is  continuously  purged  with  a  dry.  inert  gas  such  as  nitrogen.  In  practice  these  two 
techniques  are  best  combined  by  gas  purging  the  space  Inside  the  vapour  barrier.  A  further  point  to  note 
is  that,  although  the  appropriate  measures  may  have  originally  been  taken  to  prevent  I.OX  condensation, 
subsequent  servicing  or  modification  may  result  in  the  incomplete  re-establishment  of  an  effective  vapour 
barrier.  In  other  cases,  especially  where  the  operatives  have  changed,  potential  hazards  have  arisen  when 
LOX- incompatible  materials  have  been  substituted  for  the  original,  correctly-specified  material.  A  further 
potential  hazard  can  arise  where  control  valves  are  hydraulically  actuated  if  the  inevitable  fluid  leakage 
from  old  installations  is  allowed  to  contaminate  the  insulation  system  or.  as  often  happens,  is  allowed  to 
saturate  the  flooring  material.  The  combination  of  these  saturated  materials  and  oxygen-enriched  air 
drifting  down  from  an  improperly  insulated  nitrogen-cooled  surface  would  be  a  serious  combustion  hazard 
should  they  be  inadvertently  ignited.  (Ref.  12). 

3.2  Physiological  Effects  of  Nitrogen  and  Other  Safety  Considerations 


3.2.1  Cold  Rums 


Despite  the  apparent  contradiction  in  terminology,  the  physiological  effect  of  the  exposure  of 
human  flesh  to  cryogenic  temperatures  Is  similar  to  that  of  a  thermal  bum.  The  affected  tissue  dies.  In  a 
controlled  form  this  effect  is  utilized  in  cryosurgery  to  destroy  unwanted  growths  and  cancers.  EVen  more 
unpleasant  effects  are  caused  if  moist,  bare  flesh  is  held  in  contact  with  a  very  cold  surface,  for  example 
an  uninsulated  pipe  carrying  liquid  nitrogen.  The  moisture  on  the  skin  is  frozen  hard  to  the  surface  and 
it  may  be  impossible  to  release  the  skin  without  tearing  or  cutting  off  the  frozen  layer.  Non-absorbent 
clothing  should  be  worn  when  handling  cryogenic  liquids  and  care  taken  to  ensure  that  any  spilled  liquid 
cannot  be  trapped  inside  shoes,  r, loves  should  be  dry,  non-absorbent  and  loose-fitting  so  that  they  could 
he  removed  rapidly  If  liquid  got  Inside.  Should  a  cold  burn  occur,  flowing  cold  water  should  be  used  to 
thaw  the  affected  area. 

3.3.2  Oxygen  Deficiency.  Anoxia  or  Asphyxiation 

It  is  only  necessary  for  the  oxygen  content  of  breathing  air  to  fall  a  few  percent  below  its 
normal  value  of  about  2 OZ  for  bodily  functions,  both  mental  and  physical,  to  be  adversely  affected,  hence 
the  use  of  oxygen  breathing  sets  for  climbing  mountains  and  high  altitude  flight.  Reduction  of  the  oxygen 
level  towards  about  \uX  causes  anoxaemia  which  is  characterised  by  an  increase  in  pulse  rate,  laboured 
breathing  and  difficulty  in  concentration.  At  oxygen  levels  between  U  and  10’<1  the  victim  is  still 
conscious  but  muscular  effort  causes  rapid  fatigue  and  mental  processes  such  as  co-ordination  and  judgement 


ioteriorafe.  When  the  <*>.vpen  concent  rat  ion  t  .ills  below  1"’  there  is  «t  sever**  ri  s'-  i.s:  ir.  ■■  i  » t  i  ■  -r.  .s:. ; 
;'<is:uMv  permanent  bra i rt  lv.nro.  !  v  the  t.i:.e  the  vict  im  realises  that  so.-.et  hinp  :  s  ur«  •.*.*<■  :  t  •  .a v  «-  t>  ■ 
late  tor  hi.-  to  save  hi:  sell'  as  his  • uselos  will  ’>•«*  unable  to  function  in'!  allow  his  os.-i*—.  !;  r1..* 

lev  1  tails  below  >"  death  is  virtuallv  inevi  table  -  apparent  1  v  painless,  hut  nonetheless  :  «.*r'  -.tnent  ;* 
is,  in  J  act ,  surjTisinr.lv  «?asv  r<>  achieve  such  low  «>:<:vi*en  concentrations,  inhalinr.  ;u&t  a  few  brestrs.  r 

even  -me  deep  breath  «*f  pure  nitropon.  or  any  other  inert  pas,  can  flush  the  n-  vren  out  .<f  t  tie  1  * : n ;  ■ .  •.  ! 

t  ho  loss  of  Muscle  function  can  prevent  then  refilling  even  if  the  victin  is  removed  from  the  inert 
it  •  n'S!  here ,  he*--  forr.  of  rapid  resuscitation  would  bo  necessary  to  rest*, re  nvvc.pn  to  the  lunr.s  -nd  allow 

possible  recoverv.  A  typical  scenario  for  such  an  accident  is  where  someone  ripens  ar.d  inspect  ion  hatch  ir. 

>  nit  poren- pur pod  vessel,  puts  his  head  inside  to  "tai.e  a  ;uick  look"  for  somorhinp  onlv  t.<-  c».-llaj-se  ..itj.in 
x  tew  seconds  because  his  lunr.s  have  become  filled  with  nitror.en.  little  or  no  warning  is  riven  !y  td.e 

>d  this  forr  of  anoxia,  unlike  the  rradual  loss  of  breathable  air  that  takes  place  in  a  sealed  volu:.** 

wh.er.  the  ovvr.en  is  not  replaced. 

1'here  are  two  important  areas  in  which  the  effects  of  anoxia  can  he  avoided,  iirstly,  it  is 
.\e.-essarv  to  !>e  able  to  detect  t))e  presence  and  extent  of  regions  »>i  low  oxvr.on  concentration,  •  •••■vpor. 
'unitors  have  replaced  the  traditional  canary  for  this  purpose  and  used  correctly  thev  are  invaluable. 

■  ir**  is,  however,  needed  in  their  location.  If.  for  example  thev  are  placed  too  hiph  up  they  will  not 
re  ist*'r  i  la;.,-, emus  loss  of  oxypon  at  vorkinp  head  heir.ht.  lace<i  directly  over  a  nitropen  vent  >  r  "n  the 

i  l.i.T  below  an  outlet  they  will  tripper  prematurely.  Such  false  alarms  are  likely  to  lead  to  dist  rust  <  r 
1  <>•  nlaroncv  that  could  prevent  operatives  from  react inp.  to  a  truly  danperous  situation.  Tits  and  ducts  am 
mart  i  rularlv  hazardous  as  cold  passes  tend  to  sink  anil  accumulate  at  low  levels.  When  usinp  liu.id 
nirr "t-on  it  is  essential  to  naint  in  a  flow  of  fresh  air.  often  simply  by  oponinr  the  appropriate  doors  in! 
windows.  to  prevent  the  build  up  of  an  inert  pas. 

•  ho  second  area  involves  the  provision  of  the  appropriate  e-juipnent  for  dealinp  vit!i  an 
“  er.-encv.  Particularly  important  is  an  advance  evaluation  of  the  likely  node  and  extent  of  a  pnssj !  Ir- 
spillape  and  the  measures  that  should  he  taken  to  minimise  its  effect.  For  example,  evacuation  routes 
should  be  marked  and  kept  clear,  f-reathinp  equipment  should  he  kept  handy  and  personnel  pro  perl  v  trained 
in  its  us**  so  that  thev  could  reach  safety  and/or  effect  rescue  even  in  the  event  of  a  larpe  spill. ice  and 
severe  r.itropon  build-up.  Alternatively,  the  availability  <»f  a  brenthinp  set  could  allow  someone  r,.  re-.-.i:. 
s.ifelv  in  the  iffected  area  to  permit  rapid  remedial  action  that  could  prevent,  a  small  incident  fr«-. 
lerominp  a  ma-.-r  accident,  '"tr.s.  although  automatic  shut-down  of  pumps  and  closure  of  valves  shod 
tesip.ned  into  li  ;ul  1  handling  system  wherever  possible,  the  abilitv  t>>  dose  back -u;  valves  manual lv 
could  ilso  be  an  advantage  in  some  situations. 

''T'd’.Ai ;!  a:;p  TkANSFik  "P  !.T<)t  T’  VTTKt w.rN 

ear  -  ■  r  mst  **r  into  1  rvo.^nic  !  i  ,uids 

•mere.  has  to  be  expended  in  li  :uet  vine  crvopenic  fluids  such  as  nitropon  an!  I  eat  influ  .•«=  : 

■■  •  '■  r*-*  luc-’d  as  tar  as  possible  in  order  to  minimise  the  rate  at  which  it  re  evaporates.  :  r  is  :  ■  rt  •• 

■  re  ’  i  se  *■ !  ;i  t  oven  after  •  crvocenic  fluid  has  abs.>rled  enonp.h  heat  to  overc-v  n  the  latent 

■  i:  ■  t  i  i  ■  i. .  -iiitional  f  her:  a  l  enorr.v  is  needed  to  war:  up-  the  r.n  s.  urther  ore ,  the  count  : 

'••it",  is  ir  is  .-;a  1 1  •  •! .  r"  uired  tv.  war*,  evaporated  nitropon  ras  to  root,  t  em.pprat.uro  is  ;  ro  "i  at  d 

; i  ma  l>':.r  t  t,\e  latent  leaf.  In  r/>or}  rwonnnic  design  practice  this  sensible  beat  is  use!  t  <■■■  -d 
r  *  !  i  it:  t;  -d.iells.  ontrv  pipes  and  other  sources  of  hoat-inloaks  and  thus  reduce  the  net  hoar  tlu-  • 

■  :'  -■  f  "  **  ;  t!  o  latent  ho.it. 

nsulut  i«>ri  ••/st»>:  .s 


s.  at  ;c  ]i  *)i  1  nitnu-en  st.«»rare  vessel  is  shown  in  lip.,  a.  and  there  are  three  •  <m-u  mii  s- 
•  •  :.  1  ro,.*ies  t. lie  <'rvoj-enic  fluid:  (.onduetion.  radiation  and  convection,  ^pnsider  t  irst  c-nduci 
'  i •.■!.•  os  -linlv  i  r"'  fro;,  lieat  flowing  alone,  the  load-bearinr.  supports  and  connect  inr  tiros  art!  :f  i  :• 

’.rii  i*'*'!  :  v  usin,-  thin  sections  of  materials  with  low  thermal  conductivities  such  as  class  reinf  -rto.1 
disti'  S  ■  n- 1  odd -worked  stainless  steels,  etc.  “anv  non -metallic  materials  used  for  thermal  insular;  •,  .it 
!•  w  *  *••  :*-rar.uro.s  ar**  in  the  for^  of  finely  divitled  powders,  fibres,  films  or  foams  and  t)tdr  lfu 
■  * -n  !u<-M  vit  ios  arise  not  unlv  fro'  tf>e  inherent  low  conductivity  of  the  material,  but  even  more  s--.  fro- 

•  •  o  j  •  *  •  o  r  th**r-al  contact  between  ad  uicent  j  articles  or  layers,  further  improvements  can  *>e  :>.(•!  i  nved  ir. 

• .  wd*‘ri‘-‘  *>r  fiber  insulation  systems  bv  re:-ovinp.  the  pas  from,  between  the  layers  and  s*‘-  -  uttinc  !own 

•  •onvecr  i-u'.  loss«*s.  In  tf;e  case  of  insulating  foams,  it  is  important  to  apj*reciate  tl;e  role  placed  !  v  tue 

ras  -  r  vipour  trapped  in  the  cells.  If  the  blowinr,  p.as  has  hir.h  melt  inr.  °r  Uiilinr  points  it  ■  m  < 
■nqsiJie  r--.  solidify  this  p.as  at  low  temperatures,  reduce  convection  within  the  colls  and  thus  i  prove  \  t  5 
insulitinn  v.».lue.  however,  it  the  cells  are  not  completely  closed,  p.as  or  vaj>>ur  :  av  per  rite  j  ro*  the 
..if  t  th**  fold  faces,  hot  onlv  will  this  lower  the  efficiency  of  the  insulation  ’  ut  permeation  of  water 
■.  r-o  :r  will  bre.F,  biwn  td-e  cell  structure  by  cyclic  freere-thaw  action.  "*s  noted  oirlior,  an  -ore 

serious  can  he  caused  bv  the  permeation  of  air  throup.h  imperfect  t"-im  insulation  surri -und i up  li  ui-1 

nitrop*»n  '••••■leS  surfaces  as  this  can  lead  to  preferential  condensation  of  li  p:i  i  ox\,  •<•:-.  mi  *  »o 

*.  •  otential  combustion  hazard.  bhe  solution  to  both  of  these  problems  is  to  pr«*vi  !*•  1  **t  t  iri*-*nt  vapour 
!  arrior  on  the  war:  side  of  the  foa-  to  prevent  the  inpress  of  p.ns  or  vapour,  and  this  also  .holms  t< 

•  ini.mise  urn'inp.  problems.  1  losed  cell  foams  are  widely  used  for  the  ther-  al  insul.it ’m-n  <■:  1  i  :ui-!  nitr'u-on 
*.nd  other  rrv'-peni r  svste*  s.  !hev  are  relatively  cheap,  efficient  and  **.-isv  in  a;  ;  I  ■  .  «*»•  o  bein',-  j-).r  ed  in 
situ.  t.lier  types  of  foam,  particularly  the  extruded  t.vj*e  of  polystyrene  slabst.i»c=  •  li-av*’  pn.-.  !  lon.-i  be.ariru- 
op.aract  eristics  -  in  peneral  th<»  stroiip.est  foams  have  the  highest  densities  in!  the  Mrhcst  conduct  ivit  i«-*s . 

kadiatlon.  particularly  the  infra-red  co.mj>^>nent.  is  refjucoij  hv  the  use  ,.{  heat  -shields  •  which  are 
either  actively  cooled  by  contact  with  the  evaporated,  cold  p.as  or  act  passively  l  v  increasing  tlie  mrber 
of  radiatinp  layers  between  ambient  and  and  cryogenic  temperatures.  M-sorpt  i<*n  of  radiation  at  the  liquid 
surface  is  sometimes  reduced  bv  a  layer  of  floating  spheres  called  Froffels  whirl,  reduce  the  area  of  li  ;uid 
that  "sees"  hipher  temperature  radiation.  In  the  most  effective  systems  of  all,  the  super  - insulant s .  thin 
metallic  films  intercept  the  infra-red  radiation  and  chemical  potters  are  use  to  soak  up  anv  residual  pas. 


(y 
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.  ohe.atic  :;e  present  at  ion  of  Aspects  of  liquid  hitropen  storaro 


*.  ’  tin  rape  of  !.L  mid  Nitror.en 

■•tnrapo  vessels  for  cryoponic  liquids  such  as  ni:  rop.en  are  nor  designed  to  ie  lu  11  of  7  i  •  •  *  2  i  ••  f  >n  i 
1"  oi  the  total  volume.  called  the  ullap.e  space,  is  left  above  the  liquid  surf  ace.  Ibis  s-  are  also 
ill'ius  li  ;ui  !  to  separate  out  and  settle  as  the  vessel  is  filled  and  in  a  typical  transfer,  once  the  vessel 

is  .!h'>ut  1  full,  liquid  appears  in  the  qas  strean  vent i nr.  fro:-,  the  vessel  indicarinp.  transfer  is 

feet  i  velv  co-plete.  i  ven  with  an  efficient  insulation  systei  .  there  is  always  a  net  inili.x  of  heat, 
re.ir^iftc  r be  erv.o.-enic  fluid  in  its  storage  vessel  and  this  evaporates  r.as  which  collects  in  the  ullap.e 
v.io1.  if  t*he  heat  influv  is  minimal.  stable  stratified  layers  build  up  in  both  liquid  and  pas  with 
1-T.sitv  gradients  that  tend  to  oppose  anv  natural  convection,  as  inferred  on  the  left  hand  side  of  :  if,.  .. 

* •' r  larger  heat,  influxes  the  p.as  and  liquid  in  contact  with  tfie  wall  are  warned  causinp  then  to  rise  and 
V‘t  on  separate  '  onvection  systems  in  both  the  liquid  and  the  p.as.  ‘'onsider  first  the  pas.  The  walls  ire 
1  otter  than  the  p.as  and  so  absorb  sore  of  its  sensible  heat .  thus  bo  cop.  i  nr,  cooled,  .‘orrect  desir.n  should 
■uvi!  1“  all  •>*  tlie  inco'  inp.  heat  flux  reachinp  the  unwetted  wall  to  he  absorbed  hv  the  cold  p.as  so  that 
’here  is  no  heat  flow  down  to  the  wetted  walls  where  it  would  have  to  he  absorbed  by  the  latent  heat  of  the 

li  pji  .  he  wo  mine  rns  rises  by  convection  in  the  boundary  Inver  ad  5acent  to  the  walls  and  falls  ip.ain  in 

Mr*  rv;it  r*-'  t.<-  flow  nutwards  across  the  liquid  surface  sweepinr.  with  it  tiie  cold  evaporatinp.  pas.  so 
pier  ?  m-  the  onvection  cycle,  as  indicated  in  the  ripht  hand  side  of  1'ip.ure 

* .  A .  i  ^torap.e  Instabilities 

irilar  convection  cvcles  exist  in  the  lipoid,  with  upward  flow  in  the  boundary  layer  at  the 

•  ills  and  then  across  the  surface  where  it  absorbs  heat  fmn  the  counter-flow  of  p.as  and  evaporates  fron 
the  surface  0*  the  superheated  liquid.  This  surface  evaporation,  or  boil-off  as  it  is  often  called,  has  an 
irregular  nature  an)  tapes  place  in  cells  whose  locations  nove  over  the  surface.  If,  however,  the  liquid 
is  left  undisturbed  lor  lonp  periods,  the  hoi  1-off  rate  decreases  and  a  stable  layer  of  hip.hlv  superheated 
li  ui  f  Jovei.jps  on  the  surface,  f-.'hen  subsequent lv  disturbed,  this  superheated  layer  evaporates  suddenly, 
’.“''■line  to  a  rapid  increase  in  the  boil-off  rate  and  a  rise  in  pressure.  Tn  snaller-si  zed  storage  vessels 

r ’.«•  t*c-.-erar.ure  of  this  superheated  layer  can  sometimes  rise  by  up  to  m  K  before  explosive  hoil-off  tal  es 
’li-'*-.  niensat  inn  of  liquid  nvvr.en  or  arp.on  in  the  surface  layer  can  take  place  if  air  can  lea?-,  into  the 

•  1  ml.  as  those  li  :uids  arc  both  hotter  and  denser  than  liquid  nitror.en,  rapid  boil-off  occurs  if  the 
*■-'  t-'  o-'o  1  i-.-or  is  disturb*!.  It  is.  in  fact,  considered  p.ood  practice  to  stir  liquid  nitror.en  slowlv  to 

•  tv, our  r  ye  luild-u;  of  unstable  stratified  lavers. 

•  '-‘rovi  si'*n  of  ^liof  Valves  and  'urstinp.  bisks. 

In  aide  I  it  was  noted  that  if  1  litre  of  liquid  nitror.en  was  evaporated  and  warned  to  roon 
?.r  veratisre  and  I  at  nosphere  pressure  it  would  create  a  pproxinately  litres  of  pas.  If  such  evaporation 
;,oro  tn  tale  place  in  a  enclosed  vnlune  the  resultant  pressure  would  thus  increase  to  over  Min  atnospheres 
should  the  structure  *<e  stronr.  enoueh  to  withstand  such  a  pressure.  In  practice  no  storap.e  vessels, 
transfer  lines  or  other  components  would  he  stressed  to  this  level  and  thev  would  therefore  rupture, 
possibly  evnlosivelv.  ?n  prevent  such  a  hazard,  enclosures  that,  could  possibly  hecone  over-pressurised 

•  )Vp  » ‘ -e  fitted  with  relief  valves  and  bursting  disks  set  to  tripper  and  vent  the  pas  safely.  It  should 
•o  note!  that  the  capacity  of  these  itens  needs  to  he  adequate  to  cope  with  the  navi  nun  p.as  flow  rate  and 
that  the  hurst inr  disk  should  he  fitted  between  the  enclosure  and  the  relief  valve.  Vacuum  spaces  between 
f  *■**  inner  li  :ui  I  container  and  the  external  shell  mist  be  fitted  with  burst inp  disks  as  a  p.uard  apainst 
sullen  failure  of  tlie  inner  container  and  consequent  inpress  of  liquid  into  the  insulation.  One 
spectacular  rupture  of  a  ervopenir  pressure  vessel  not  fitted  with  a  relief  valve  occurred  in  Apollo  on 
its  wav  tv  the  no  1  when  an  electric  heater  was  accidentatlv  left  on  in  the  titanium  alloy  liquid  helium 
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stnr.ir.o  vessel.  uher  more  common  c.tusos  include  the  Moo- ape  >  i  li  ui  !  hv.Jroppjj  hi?  he]  it-  st 

vessels  hv  the  cmidensat  ion  an!  sol  i « !  i  fi  cat  i  on  of  air  ami  the  pluprinr  «>t  li  ui  !  nitr'a-on  vents  .ns*  ];  :;<•* 

hv  condensed  and  !  r->  -on  water  vapour.  'he  lute  si-own  in  lie.  i  fitted  in  the  fill  an!  ir.-.i’.  line 

the  inner  vessel  an!  the  valve  helps  to  prevent  localise*!  evaporation  ■>!  li  ui  f  !  p-'  the  :ar  •  i :  •>  , ;  r 

;->*ssi hi  1  it.v  <>t  bloc'.- are  *lue  to  the  huil-l-up  of  impurities  such  as  lissul*-,.  :  water  v.r-nwr  uv!  *  .ir:*  n 

!i  •  •  i . Jf» . 


«.  '  "ransfer  of  '  i  :ui  !  ' itropon 

..  >  i  v.'.l  of  !i  ;ui  !  i  r*i;  the  '  tctur.o  Vessel 

There  are  three  principle  methods  use /l  t"  remove  liquid  from  the  storage  vessel  sel* 
pmssuri  atien  of  the  inner  vessel.  1  ■  external  ras  pressurization  and  '  '  pwr  transfer. 

The  liquid  flow  rates  ohtainahle  with  sell  pressurization  ire  relatively  l  -w  ani  this  t.w-hni  -,e 
is  most  fro quentlv  used  for  smaller  sized  vessels  an  !  laboratory  scale  appli  cat  ioj.s .  ore  ,q  •  \  \  :i:;  ;  \ ;. 

removed  fror;  the  storape  vessel  and  passed  through  an  external  v.ipourisinr  coil  where  it  ovapnwrat  <*s . 

•’•  l  ands  and  causes  the  pressure  to  increase.  This  warn  pas  is  fed  Pace  into  the  sterar*»  vessel  :  i.f-uri.  *  *.» 

!if  fuser  which,  together  with  stratification  in  the  pas  prew-nts  the  war:  pas  flm.-in,*  lirort  1  •  int<  a  nt  act 
with-  the  li  ;u i ■ !  and  recon-iensinp . 

•ternal  pressurization  can  utilise  either  the  same  pas  us  that  li  pjeiied  in  the  st>-r \ 

■r  a  separate,  often  non -condensable,  /'.as.  fonsidera!  lv  hi  rher  transfer  rates  can  ho  ichiov-  i  :  e- ternal 
pressurization  t ore t her  with  rapid  response  tires.  In  the  ■ouplus  *i.  remit  o;-j  mv  .ft  8  low-p.wn  ~rVl  retiic 
tunnel,  li  ;uid  nitmron  fror.  a  ''non  pa  lion  capacitv  run  tan'--  was  pressurise!  t<»  ‘  :si  i  -isinr  cor :  r^ssr*  ; 
air  stored  in  separate  tanks.  Transfer  rates  of  1  *  *.  litres 'second  *  -  1  Ions;  «?o<  -on  :  n  li  j .;  -..ere 

ichioved  pivinp  a  maximum  run  tine  of  the  order  of  h •  seconds. 

•oth  the  ‘M-m  "T'T  and  ‘."71  at  h:AS.*.  !  anr.lev  use*l  pumps  t->  transfer  tf;eir  li  uid  nitrogen,  i  pints 
holm-,  run  in  parallel  when  the  maximum.  flow  rates  of  about  .”•*•  kp/sec  ..  V.  T  9  litres*  sec  ire  needed  !  •• 
the  .  it  should  ho  noted  that  a  her.  Positive  Auction  head  *:•  ■  r  ust  '-e  -.aintaine  !  at  the  vu:  p  inlet 
if  cavitation  is  to  ho  avoided,  furthermore  as  the  evaporation  rate  *iurin>-  li  ;uid  transt-’t  is  to  low  to. 
maintain  the  pressure  in  the  ullape  space  a  love  atmospheric,  nitropen  ms  has  to  he  returned  to  rve  ull.t.-e 
space  to  prevent  possible  collapse  of  tne  inner  vessel. 


*.  <.*  Transfer  !  ines 

\s  noted  earlier  structures  with  low  thermal  mass  cool  more  rapidly  and  evaporate  less  ervu'eni c 
liquid  than  those  with  larper  thermal  masses  and  this  is  one  factor  that  has  to  !-e  taken  into  zensiderat i on 
in  decidinr.  whether  to  insulate  transfer  lines  or  to  leave  then  hare.  l-.lien  li  quid  oxvpon  or  pressurise  ! 
li  ;uid  nitror.en  is  passed  through  an  uninsulated  pipe,  frost  builds  up  on  the  outside  and  tends  to  insulate 
it  hv  preventing  convective  coMinp  hv  the  air.  If.  however  the  nitrogen  is  subcooled,  condensation  oj 
liuuid  air  tends  to  wash  away  the  frost  and  heat  losses  are  hip.her.  h'evertheless  short  lenrths  of  hare 
pipe  are  often  used  to  transfer  licuid  nitrogen  fro:-  delivery  tankers  to  small  storar.e  vessels  as  thev  are 
cheaper  and  less  cumbersome  than  insulated  lines.  !  or  lonr.er  runs  and  permanent  installations  transfer 
lines  are.  however  invariably  insulated.  \n  evacuated  double  walled  construction,  with  «>r  without  powder 
or  superinsulation.  is  usual lv  favoured  for  t?te  lareer  and  lonrer  lines  and.  as  noted  earlier  some  form  «t 
expansion  :oint  has  to  !<e  jirovi*le-l  t<>  prevent  the  build  up  of  tensile  stresses  on  the  inner  pipe  furinr. 
cool-down,  flexible  foams,  with  suitable  vapour  barriers  to  prevent  h'\  condensation  are  frequently  used 
for  shorter,  snaller  runs. 

* .  .  1  I  i-;tiid  Transfer 

in  a  perfectly  insulated,  pre -cooled  pipe  cryor.enic  fluid  would  be  transferred  as  a  sinple  phase 
liquid.  but  in  most  practical  cases  some  dep.ree  of  two  phase  flow  is  usually  present.  This  can  take  rnanv 
forms  dependinp  on  whether  the  pipe  is  horizontal  or  vertical,  the  mass  flow  rate,  pressure  drop-  across  the 
line  and  heat  inleaks  to  the  line.  In  general,  stratified  flow  with  the  li-piid  at  the  bottom  of  i 
horizontal  pipe  and  vapour  above  it  occurs  at  low  flow  rates,  but  at  higher  flow  rates,  shear  between  r.as 
and  licuid  sets  up  waves  or  plups  which  can  completely  fill  the  pipe  with  liquid.  ‘  nder  some  circumstances 
annular  flow'  occurs  and  this  can  he  beneficial  if  it  can  be  arranr.ed  in  such  awav  that  the  pas  is  or,  the 
outside  completely  surmundinr.  a  central  core  of  liquid,  as  in  this  case  heat  in  leaks  fro-  t?ie  pipe  walls 
will  he  absorbed  by  the  sensible  beat  of  the  pas  not  the  latent  heat  of  the  liquid. 

burin p  initial  cooldown  the  first  liquid  introduced  into  a  warn  pipe  evaporates  on  contact  wit? 
the  warm  sides.  This  r.as  then  flows  ahead  of  the  advancing  liquid  front  preconlinp  the  walls  as  it. 
progresses  towards  the  outlet,  a  process  that  can  often  take  a  surprisinr.lv  lone  time.  Increasing  the 
liquid  delivery  pressure  can  be  an  expensive  way  of  speeding  up  the  process  as  less  >■(  t  ho  sensifle  heat  ■  d 
the  p.as  is  used  in  precoolinr.  the  pipe-  Furthermore,  as  the  evaporated  r.as  occupies  a  much  rreater  v  lir.r 
than  the  li*{uid,  ras  velocities  can  he  verv  hiph  and  frequently  the  flow  is  choked  at  the  n  it  durinr 
practically  the  entire  cooldown  and  leaves  at  sonic  velocity.  If,  however,  the  *  low  resistance  in  the  pipe 
is  larp.e  it  nay  ho  impossible  to  make  the  liquid  front  advance  more  than  partially  alone  the  pipe  such  that 
liquid  never  enerr.es  from  the  other  end  and  a  zero  delivery  condition  is  obtained,  '“hr  usual  solution  to 
such  a  problem,  is  to  modify  the  line  by  installing  a  sufficient  number  ol  internedi  ite  vontinp  points  to 
allow  the  liquid  front  to  he  advanced  prop.ressivelv  hv  ventinp  from  these  intermediate  points  until  li  ;ui  i 
emerp.es  and  then  novinp,  on  sequentially  to  the  next  vent  point.  I'npredictahlo  two  phase  flow  throur.h  r  ?ie 
liquid  nitrogen  in  lectors  of  a  cryogenic  wind  tunnel  can  also  create  problems  with  its  temperature  control, 
particularly  if  the  condition  does  not  occur  evenlv  with  all  iniection  positions.  ne  desirn  that 
overcomes  this  problem  is  to  feed  all  iniectors  from  a  circular  "rinp-nain"  of  liquid  as  this  prevents 
vapour  buildinp,  at  any  particular  location. 


■  '•intro l  of  nitrogen  flow  through  the  iniectors  is  achieved  using  servo -c«»jit rolled  valves ,  -tir.it/il 
v  lives  he  inr.  used  in  the  o.  l-r»  T*‘T  hut  the  no  re  conventional  gate  and  globe  valves  being.  preterreq  1  <  >r  Lite 
'■  apid  and  accurate  control  of  the  liquid  flow  is  obtained  when  the  svstor.  is  c«>ld.  hut  care  should  he 
t  .hi  en  luring,  cool-down  to  prevent  rapid  opening  or  closing  of  valves  that  allow  li  ;uid  to  enter  war’  areas. 

he  sudden  build-up  or  pressure  iron  the  vaporising  liquid  could  lead  to  pressure  surp.es  and  even  flow 
reversal,  with  tlie  risk  of  d  image  to  pimps  and  other  equipment  in  the  line.  !  ven  enerrencv  vent  .,i  stop 
\  ilves  should  he  arranged  so  as  to  operate  over  a  few  seconds  rather  than  slamming  shut. 

STUnidTH  ANli  TW.HNKSS  OF  MF'TAI.S  AT  LOW  TFMPERATl 'BHS 

one  of  the  principal  design  requirements  of  any  piece  of  equipment  is  that  it  should  have 
adequate  stiffness,  strength  and  toughness  to  withstand  safely  any  load  or  stress  that  nay  he  applied  to 
it.  operation  at  low  temperatures  effectively  increases  the  requirement  for  adequate  toughness  at  the 
operating  temperature,  as  virtually  all  materials  are  both  stiffer  and  stronger  at  low  temperatures  than  an 
anhient.  A  load-hearing  structure  mist,  therefore,  he  able  to  cope  with  not  only  the  static  and  dynamic 
stresses  which  can  be  predicted  for  normal  operation,  but  also  the  themal  shocks  it  nay  he  subjected  to  on 
cool  down,  the  thermal  stresses  induced  by  differential  expansion  during  warning  and  cooling  cycles,  as 
veil  as  the  accidental  overstresses  or  impact  loads  that  it  may  receive  in  the  presence  of  the  scratches 
and  dents  it  is  liable  to  suffer  during  service. 

Most  materials  are  designed  to  operate  within  their  elastic  limits  and  typical  stress  and 
Joi lection  formulae  require  the  use  of  appropriate  values  for  the  clastic  constants  such  as  the  Youngs, 
hear  and  hull  :o.\ulii  and  Poissons  ratio.  Fortunately,  the  clastic  constants  are  relatively  insensitive 
r  »  structure  variations  such  as  changes  in  grain  si :re .  the  degree  of  cold  working.,  heat  treatment  and  small 
compositional  variations  etc.,  while  decreasing  the  temperature  in  general  increases  Youngs  modulus  hv 
about  1 Vet. ween  *1"'  V  and  -n  K.  Accuracies  greater  than  about  1"  are  rarely  required  in  the  calculations 
r. cr, illy  use  1  to  avoid  buckling  failure  ^elastic  instability)  or  excessive  elastic  deformation  '  hv  -  inr 
in!  thus  values  taken  from,  the  literature  can  he  used  with  a  reasonably  high  degree  of  confidence.  :ho 
'.•’sign  prohle-  s  created  at.  ordinary  temperatures  by  the  relatively  low  nodulii  of  aluminium  alloys  when 
•  •: .par*'!  to  cither  austenitic  or  ferritic  steels  are  also  encountered  at  low  temperatures  where  stiffness 
is  iv  port  tnt .  f-’r  e  •••ample,  where  shell  bending  is  a  significant  design  limitation,  as  in  a  column  subjected 
t>  .  lateral  air  tlow  loading.  In  such  cases,  the  higher  nodulii  offered  by.  for  example,  the  austenitic 
>da:nl‘*ss  or  »'  nir'el  steels  would  allow  either  stiffer  structures  for  the  sane  section  or  thinner 
s'M-ti'-ns  for  the  same  stiffness. 

i eld  md  ilastic  deformation  in  metals  are  processes  strongly  influenced  by  their  structure  an! 
o»n » it.  ion  to  such  an  extent  that  accurate  predictions  are  difficult  and  experimentally  determined  data 
invaluable.  •  eneral  classification  of  their  properties  is  best  started  by  considering  their  crystal 
structures,  most  ratals  and  alloys  having  face -cent red -cubic,  body- cent red -cubic  or  hexagonal -close -packed 
lattices.  'f  these  the  face-centred-cubic  netals  are  great lv  to  he  preferred  for  low  temperature  use  as 
almost  without  exception  their  strengths,  ductility  and  toughness  all  improve  as  the  temperature  falls, 
thus  making  then  ideal  for  ervo genic  applications,  F.c.c.  copper-,  nickel-,  and  aluminium -based  allovs. 
t os-ether  with  Invar  and  the  austenitic  stainless  steels  are.  in  fact,  the  netals  most  widely  used  for  the 
construction  of  equipment  operating  below  about  lTo  K .  uf  the  hexagonal -close -packed  netals  onlv  magnesium 
and  titanium  are  used  in  significant  qua  ~itios  below  room  temperature,  the  high  specific  strengths  offered 
bv  titanium  alloys  being  particularly  attractive  for  certain  specialised  applications  in  the  aerospace 
industry . 


It  is  the  bodv-centred-cubic  group  of  netals  that  offer  the  greatest  challenge  but  which 
constitute  the  greatest  risk  as  they  almost  all  undergo  a  transition  from  ductile  to  brittle  behaviour  at 
some  temperature,  usually  below  ambient.  Furthermore,  snail  changes  in  their  chemical  composition,  grain 
size,  the  degree  of  plastic  constraint  brought  about  hv  a  notch  or  flaw,  and  even  the  rate  at  which  a  load 
is  applied,  can  all  have  a  narked  effect  on  the  delicate  interrelationship  between  strength,  toughness  and 
the  temperature  at  which  the  ductile-to-brittle  transformation  occurs.  A*  however,  the  economically 
irreplaceable  ferritic  steels  have  b.c.c.  structures,  their  use  at  low  temperatures  cannot  he  precluded  and 
it  is  necessary  to  define  the  temperature  and  stress  linits  to  which  a  certain  grade,  thickness  and 
y-’n  lit  ion  of  steel  r:av  he  safety  used.  These  limitations  are  traditionally  laid  down  hv  codes  of  practice 
issued  bv  independent  bodies  such  as  the  American  Society  of  Mechanical  F.ngineers.  government  agencies  such 
is  the  ' ritisb  standards  Institution,  local  or  national  insurance  agencies  or  even  state  regulatory 
uirhorU  i**s.  and  there  ire  very  fe\,  load  hearing  structures  which  can  be  built  without  conforming,  to  one  or 
■••re  sue),  roles.  There  is  also,  however,  an  increasing  and  very  welcone  tendency  towards  backing  up  these 
r<.d»’S  hv  i  scientifically  rigorous  failure  analysis  based  on  the  concepts  of  fracture  mechanics  -  a  studv 
-{  t h«  resistance  offered  bv  a  material  to  the  continued  propagation  of  a  crack  nucleating  in  the  vicinity 
'•1  a  sharp  crack.  Mich  analyses  are  also  applicable  to  high  strength  alloys  with  f.c.c.  and  h.c.p. 
structures,  as  well  as  to  the  rate  at  which  cracks  propagate  during  fatigue  and  so  constitute  a  powerful 
analytical  technique  which  the  aerospace  industry  in  general  was  quick  to  develop  and  exploit. 

:‘he  mechanical  properties  of  materials  at  low  temperatures  are  considered  in  detail  in  References 
~.  1  .  and  l'».  while  data  is  presented  in  References  lb  to  19. 

•  .1  Face -‘entred-futiic  Metals  and  Alloys 

Although  some  copper  and  nickel  based  alloys  are  used  for  particular  applications  in  cryogenic 
wind  tunnels,  the  quantities  involved  are  snail  and  they  are  best  considered  in  the  next  lecture  in  the 
context  of  their  use  in  model  construction.  It  is  only  aluminium  alloys  and  the  austenitic  iron-based 
alloys  that  are  likely  to  be  used  in  significant  quantities. 
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Figures  5(a),  (b)  and  (c).  The  Mechanical  Properties  of  Aluniniun  and  its  Alloys  at  Low  Tenporatures . 

5.1.1  Aluminiun  Alloys 

rt  is  instructive  to  start  by  considering  the  properties  of  pure  aluniniun  because  it  shows  very 
clearly  the  basic  characteristics  of  f.c.c.  netals  which  nake  then  so  useful  at  low  tenperatures .  In  Fir, 
Va)  a  series  of  engineering  stress-strain  curves  are  shown  for  aluniniun  and  sonc  of  its  alloys  tested  at 
and  below  100  K.  The  following  features  should  be  noted  fron  the  curves  for  pure  aluniniun. 

i)  Yield  is  a  gradual  process  and  the  yield  stress  is  only  a  weak  function  of  tenperature . 

ii)  The  strain  hardening  rate  (slope  of  the  stress-strain  curve  after  yield)  .  the  ultimate  tensile 
stress  'maximum  point  in  the  curve)  and  the  total  plastic  elongation  all  increase  as  the  tenperature  falls. 
Thus  the  r.etal  becomes  both  stronger  and  more  ductile  at  low  temperatures  essentially  because  it  is  able  to 
accomodate  a  greater  degree  of  strain  hardening  before  the  onset  of  neckinp  (plastic  instability). 

iii)  The  larp.e  drop  off  in  measured  stress  between  the  onset  of  neckinp.  and  final  failure  is 
indicative  of  a  large  reduction  in  area  and  hence  a  very  ductile  type  of  fracture  at  all  tenperatures. 

In  Figs  5(b)  and  (c)  the  data  is  cross-plotted  to  show  more  clearly  the  temperature  dependence  of 

the  vield  and  tensile  strengths  and  the  elongation.  It  is  the  combination  of  increase  in  ductility  and 
tensile  strength,  together  with  the  relative  temperature-insensitivity  of  the  yield  stress  that  is  the 
definitive  characteristic  of  face-centred-cubic  metals  and  alloys  which  makes  them  so  eminently  suitable 
for  use  at  low  tenperatures .  It  is  brought  about  bv  their  ability  to  slip  and  deform  to  prevent  the  build¬ 
up  of  hip,h  stress  concentrations  at  the  tips  of  cracks  and  flaws. 

Pure  aluminiun  has  hip,h  electrical  and  thermal  conductivities  and  it  has  replaced  copper  in  many 
instances  where  these  characteristics  are  required.  Its  alloys  are  widely  used  where  moderately  high 
strengths  combined  with  high  toughness  and  low  density  are  necessary,  such  as  in  road  and  rail  transporters 
for  liquid  gases,  as  well  as  in  static  liquid  storage  tanks.  Aluniniun  alloys  may  conveniently  be  divided 
into  two  groups  according,  to  the  basic  metallurgical  strengthening  mechanism  involved:  (1)  the  solution- 
hardened  alloys,  which  are  very  ductile  but  onlv  moderately  strong  in  the  annealed  state  (although  their 
strengths  can  be  improved  by  cold  working),  and  (2)  the  precipitation-hardenable  types,  which  can  be  heat 
treated  to  give  considerably  higher  strengths. 

of  the  solution-hardened  types,  those  containing  manganese  as  the  main  alloying  addition  (3000 
series)  have  onlv  moderate  strenp.ths.  but  they  are  very  ductile  and  hence  easily  formed.  Type  300  3  is  used 
for  tubes,  bends,  junctions,  plate  fin  heat  exchangers,  tube  plates  and  travs,  as  well  as  in  distillation 
columns  and  many  other  applications.  Their  role  in  heat  exchanges  arises  largely  because  they  can  be  dip- 
brazed  in  molten  salt  baths  using  aluniniura-si licon  eutectic  alloys.  They  can  also  be  extruded  and  cut 
with  roller  cutters,  characteristics  which  are  advantageous  for  volume  production.  They  can  be  cold-worked 
for  higher  strengths,  but,  as  they  are  so  often  used  in  the  welded  or  brazed  condition  where  these 
advantages  would  be  lost,  it  is  more  usual  to  use  one  of  the  higher-strength  alloys  where  necessary. 

The  aluminium-magnesium  alloys  (5000  series)  have  higher  strengths  than  the  3000  series  and  they 
are  widely  used  for  the  construction  of  land-based  storage  tanks,  road  and  rail  transporters  and  for  the 
primary  containment  of  liquid  natural  gas  In  I. NO  ships.  A  series  of  stress-strain  curves  from  tests  at 


*""•  r*  >  an* I  77  f  on  a  alloy  is  also  shown  in  I  i #*  Va)  It  can  l*e  soon  that  the  viel-1  strenpths  ire 

hip.her  than  those  of  pure  aluniniun  hut  still  relatively  independent  of  temperature.  ."he  strain  hardening 
rate  is  also  hip.her  an»f  he  cones  still  nore  so  at  lower  temperatures  so  that  both  tensile  strenp.th  and 
elonr.ation  improve  at  low  temperatures  and  thus  the  alloy  is  ideal  for  low  temperature  use.  \-po  V  -* 
all'jv  is.  in  fact,  the  largest -tonnap.e  alloy  in  cryogenic  service  larv.elv  due  to  its  <.*o:  .hinat  inn  . ,  t 
moderately  hip.h  strenp.th  with  excellent  weldability,  Nas-netal-arc  and  tunp.sr on -ret a  1  -arc  systems 
been  used  to  weld  plates  tip  to  17>  run  thick:  even  in  the  as -welded  condition  its  lull  strength  is  retain**! 
thus  r.ivinp,  it  an  advantage  over  the  higher  strenp.th  d"u<>  aivi  7'M'u  heat -treatable  alloys  ii  post -weld  h**ar 
treatment  is  not  possible.  Additional  strenp.th  can  be  achieved  in  the  imm  series  allovs  !*v  mid  i  'llitu 
hut.  the  consequent  loss  of  ductility  is  not  always  acceptable.  Most  of  the  internal  structure  *.f  the 
is  fabricated  in  r>i>un  series  alloys.  The  contraction,  test  section,  hip.h  speed  diffuser  and  upstre.v 
nacelle  are  made  from  welded  r»ovM.  as  in  the  non-crvop.enic  operating  node  the  temperatures  <d'  those  ■  art  s 
does  not  exceed  on  >'  (1~»>  f).  This  is  the  maximum  temperature  at  which  ->*•-*  t  can  he  operated  continuously 
in  a  hi r,hl v  stressed  state  while  avoid inp.  the  possibility  of  prain-boundarv  stress  corrosion.  up  t  .  t  h<* 

increase  in  temperature  of  the  pas  stream,  created  by  the  power  of  the  fan.  which  can  lie  ss  much  is  * 

I'i  at  the  hip.h  power  ambient  temperature  operatinp,  condition,  those  sections  between  it  and  tin*  cot. line 
coil,  the  downstream  nacelle,  shrouds  and  rapid  diffuser,  are  made  of  typo  V.v,.  This  allow  can  he  us**: 
safely  at  the  hip, her  temperatures  but.  as  its  yield  stress  is  about  '»»«*.  of  that  of  r,o-  <.  thir-er  sect 
are  necessary. 

Aluminium. -nap, nesiun- silicon  alloys  1  (amo  series')  have  the  lowest  strenpths  of  t  he  h«\it -r  re ■  jo 
types  and.  in  p.oneral.  thev  are  the  only  ones  used  outside  the  aerospace  industry.  Type  mi*  1  in  the  . 
condition  is  stronger  than  the  h>i».J  and  r>i,u.  >  alloys  but  its  strenp.th  in  the  as-welded  condition  drops  bo*.  ■■■.. 
that  of  the  solution  hardened  alloys.  It  is  generally  available  in  the  forms  of  pij.e.  pipe  littinrs. 
extruded  tuhinp,  and  other  shapes.  Stress-strain  curves  for  *>n<-l-':v,  are  also  shown  in  *  ip  ">  a>  and  it  r  <*, 
he  seen  that  their  shapes  differ  from  those  of  pure  aluminium,  and  the  solution  hardened  a>- I.  The  vi**l  I 
stresses  of  m)M are  hip.her  and  more  temperature  dependent  and  the  strain  hardeninp  rates  are  lower. 

The  tensile  strengths  do  not  preatly  exceed  the  yield  strenp.ths  and  elongations  are  smaller  at  all 
temperatures  than  for  Nevertheless.  the  mechanical  properties  of  r.uf.l-7»-  nake  it  suitable  for 

crvopenic  applications  and  it  was  used  for  construction  of  the  pressure  shell  and  internals  of  the  W  A 
J.al'i’  1 » .  1-m  Ti'T . 

The  aluminium-copper  alloys  ( 2u0o  series)  have  hip.her  strenp.ths  than  the  Al-Mp-Si  types  but  their 
toup.hness.  especially  their  notch  toup.hness,  hep.ins  to  fall  seriously  at  low  temperature  and  thev  are  not 
widely  used.  Moreover,  thev  are  often  considered  to  bo  loss  casv  to  weld  reliably.  Nevertheless,  welded 
tvpe  h’l'(-Th  was  employed  in  the  construction  of  the  liquid-oxyp.en  and  liquid- nitre* pen  fuel  tan;  s  lor  th« 
Saturn  V  Mocker,  where  its  hiph  strenp.th/ we ipht  ratio  proved  advantageous. 

The  final  series  of  stress  strain  curves  in  Pi  p.ure  A  <  a)  is  for  one  of  the  very  hip.h  strenp.th 
n 1 uni niun-xinc- magnesium  heat-treatable  alloys,  7ti7"i-Th.  As  nav  be  seen,  very  hiph  yield  strenp.ths  are 
attainable  at  and  below  room  temperature.  However,  it  is  also  apparent  that  the  ductility,  which  is 
already  rather  low  at  room  temperature,  falls  oven  further  at  low  temperatures.  If  the  samples  were 
notched  and/or  loadinp,  rates  hip.her.  the  picture  would  appear  even  blacker  as  these  verv  hiph  strenrth 
allovs  have  low  notch- toup.hness  and  are  thus  rarely  used  below  room  temperature.  Thev  do,  however.  ;rovi  !r 
a  convenient  example  of  how  a  very  hiph  strenp.th  alloy,  even  with  an  f.c.c.  structure,  ran  have  such  <  V.\, 
fracture  toup.hness  as  to  make  it  necessarv  to  use  fracture  mechanics  analyses  for  safe  desip.n.  ■  yen  thourh 
the  alloy  does  not  fail  by  cleavape.  slip  is  so  inhibited  hv  the  metallurp.ic.il  process  use.)  to  create  its 
hip.h  strenp.th  that  it  is  no  lonper  able  to  deform  easilv  and  reduce  stress  concentrations  at  the  tips  -d 
cracks  anti  flaws. 

Austenitic  Stainless  steels 

This  is  one  of  the  most  important  class  of  materials  used  in  the  construction  of  equipment  tor 
operation  at  low  temperatures.  The  face-centred-cubic  p.anna  phase  of  iron  is  normally  onlv  stable  at  hi  of, 
temperatures,  but  the  addition  of  alloyinp.  elenents  such  as  nickel,  nanp.anese.  carbon  and  nitrop.en 
suppresses  the  p.anna -alpha  transformation  and  enables  the  austenitic  p.ar.ma  phase  to  be  retained  to  ro<r 
try  perature  and  below.  The  p.anna  structure  is.  however,  only  netastable  and  under  certain  conditions  of 
stress! np.  and/or  coolinp.  a  partial  transformation  to  martensite  can  tai<p  place  in  some  of  the  less  hip.hlv 
alloyed  steels  such  as  type  hto.  Two  martensite  phases  are  formed  havinp,  h.c.p.  and  b.c.t.  structures 
respectively,  and  it  is  the  h.c.t.  form  which  leads  to  an  increase  in  strenp.th  but  loss  of  toup.hness  in  the 
transformer!  state,  furthermore,  h.c.t.  martensite  is  ferromap.net ic  and  its  presence  is  a  severe 
disadvantage  in  applications  where  nap.netic  fields  are  present,  finally,  to  make  matters  even  worse,  the 
transformation  is  accompanied  bv  .1  volume  expansion  which  can  spoil  the  fit  of  accurately  machined 
components  such  as  shafts  and  flanp.es. 

In  peneral.  the  most  stable  steels  are  those  with  the  hiphest  nickel  contents  such  as  the  2r>-('r. 
?"-'i  type  i]n  wrought  alloy  and  the  analogous  cast  inp.  allovs  ‘'v.ui  and  \  ronarc-r>'> .  one  disadvantage  of  U" 
is  its  rather  low  yield  strenp.th  of  about  .?0»>  Mkn  at  room  temperature,  but  if  some  loss  of  ductility  can  be 
tolerated  this  may.  however,  he  raised  to  about  Ti  •*  1  ypn  bv  cold  work  inp,  without  either  n  significant  drop 
in  toup.hness  or  transformation  to  martensite,  because  of  its  hip.h  nickel  content  type  Hu  is  more 
0  -pensive  than  other  bio  series  stainless  steels  and  it  is  somewhat  more  difficult  to  obtain  in  a  wide 
ranro  of  product  forms  than  the  more  popular  alloys.  fn  most  other  series  austenitic  stainless  steels 
some  dor, roe  of  martensitic  transformation  mnv  be  induced  by  stressinr,  or  thermal  cvclinr,.  The 
fermnapnetic  nature  <>f  h.c.t.  martensite  allows  its  existence  to  he  established  verv  simplv  by  the  use  of 
a  snail  pocket  map.net.  while  a  somewhat  more  sophisticated,  and  hence  expensive,  variation  on  this  theme 
uses  a  cali  bra  tod  sprinr,  balance  to  measure  the  force  requited  to  remove  a  map.net  from  the  surface  of  the 

sample . 


fn  a  series  of  experiments  carried  out  hv  the  International  Nickel  fonpany,  the  nap.netic 
perneabilitv  of  a  series  of  austenitic  stainless  steels  was  measured  before  and  after  cold  roll  inp,  at  h/of. 
and  77  K.  ft  was  found  that  tvpe  Ho  showed  no  transformation  while  type  idl  was  stronplv  affected  by  both 
treatments.  The  samples  of  JU*.  and  h#7  showed  an  increasing  tendency  to  transform  durinp,  cold  roll  inp. 


■  <:t  i,prf  relatively  nrutt  fected  bv  thermal  cycling •  Tyi>e  one  of  the  most  widely  available  of  all  the 

t  stainless  steels,  has  the  greatest  variability  in  its  behaviour  because  snail  decreases  in  the 

ar'on  inf  nirroren  contents  can  he  very  harmful  as  both  elements  are  strong,  austenite  stabilisers.  It  is 
therefore  w«*rth  noting  that  the  recently  developed  ’Hi-proof’  praties  of  Jiu*.  116  and  3**7  which  rontain  <>.2' 
nitrogen  increase  their  vield  strengths  bv  about  7u  MPa,  will  also  be  very  nuch  nore  resistant  to 
irtensite  t  ransformut  i*»n  than  the  norri.il  grades.  In  contrast  the  low  carbon  grades  of  big  used  to  prevent 
••1  !  ler.i  v  will  he  least  resistant  t<>  martensitic  transfornation!  When  the  nitrogen  bearinp  praties  3n.**; , 
it;!  ;  econe  more  readilv  available  in  the  product  forns  required,  they  will  offer  probably  t  lie 

est  ■  ■  :-i nation  of  properties  available  for  low  tenperature  applications  fron  any  austenitic  stainless 
sr.‘<-i  their  use  should  bo  encouraged.  Regrettably,  they  are.  at  present,  difficult  to  obtain  in  snail 
■.j.iniit1. *’S  and  in  forms  other  than  sheet,  anti  plate. 

'•  further  point  worth  notinp  fron  the  results  of  the  International  Nickel  Company  experiments 
•t.-'vnis  the  effort  «>f  thermal  cyclinp.  If  the  ferronap.net ic  nature  of  a  partially  nartensi t i c  3i>!  series 
"t  ee  1  is  not  a  drawback  for  a  particular  application  which  denands  pood  dinension.il  stability,  it  is 
:■  ssihle  to  ensure  that  transfornation  is  conplete  before  final  machining.  This  nay  be  achieved  bv  cvclinp 
repeatedly  between  bm  F  and  77  F .  if  necessary  takinp  neasurenents  after  each  few  cycles,  until  no  further 
Mrnificant  dimensional  chanp.es  occur,  further  consideration  of  dinensional  instability,  particularly  in 
the  content:  of  wind  tunnel  models.  will  he  Riven  in  the  next  lecture. 

Type  b !•*  is  the  most  readily  available  of  the  austenitic  stainless  steels  and  the  low  carbon 
el  line,  grade  bw»i.  was  used  for  the  outer  pressure  shell  of  the  NTF.  t'nder  nornal  operating  conditions  the 
r.or  shell  is  unlikely  to  be  cooled  nore  than  a  few  tens  of  degrees  below  room  tenperature.  due  possit  lv 
r  localised  degradation  of  the  insulation.  Furthermore,  should  sone  malfunction  lead  to  the  build  up  of 
li  nid  nitrogen  inside  the  shell,  the  inherent  toughness  of  the  austenitic  structure  ought  to  ensure  that 
no  e-  brit t lemont  problems  would  be  encountered. 

■ . •  o.|v- '  entred -Cubic  Metals  and  Alloys 

As  a  general  rule  metals  with  b  c.c.  crystal  structures  undergo  a  ductile-brittle  transition 
which  occurs  at  sone  tenperature  which  nay  be  above  or  below  roon  temperature.  There  are  a  few  exceptions, 
but  for  practical  purposes  the  potentially  brittle  nature  of  b.c.c.  netals  at  low  temperatures  puts  a 
severe  limitation  on  their  use.  However,  they  cannot  be  disregarded  as  they  include  the  whole  range  of 
carbon,  low-alloy  and  nickel  steels  which  are  econonically  irreplaceable  for  the  construction  of  equipment 
-> pern ting  at  noderatelv  low  temperatures.  The  basic  philosophy  behind  their  successful  application  lies  in 
ensuring  that  they  have  adequate  toughness  at  their  minimum  operating  tenperature  for  them  to  withstand  not 
only  their  design  stresses  but  also  accidental  impact  and  other  overloads  without  failing  in  a  brittle  and 
catastrophic  manner. 

5.3.  L  The  buct.ile- brittle  Transfornation  in  Ferritic  Steels 

‘ne  manifestation  of  the  ductile-brittle  transfornation  in  low-alloy  ferritic  steels  can  be 
observed  in  the  sharp  decrease  in  the  tensile  elongation  that  occurs  at  the  transition  tenperature.  A  much 
more  realistic  indication  of  the  seriousness  of  the  problem  is.  however,  obtained  fron  the  tough-brittle 
trinsformation  measured  by  the  decrease  in  the  impact  energy  absorbed  in  Charpy  V  notch  tests  carried  out 
over  the  transition  tenperature  range.  For  a  plain  carbon  steel  the  toughness  transition  takes  place  at  or 
above  room  temperature,  whereas  the  ductility  transition  occurs  at  sone  220  C  lower.  About  half  of  this 
drop  can  be  accounted  for  by  the  very  nuch  higher  strain  rates  involved  in  an  impact  test,  as  ferritic 
steels  are  highly  strain  rate  sensitive.  Thus  in  practice  ferritic  steels  should  not  be  subjected  to  sharp 
blows  nr  impact  loading  when  thev  are  below  their  toughness  transition.  The  renainder  of  the  decrease  is 
i!ue  to  the  presence  of  the  stress  concentration  at  the  notch  root,  an  indication  of  the  importance  of 
avoiding  sharp  corners  and  minimising  stress  concentrations.  Snail  variations  in  the  depth  or  sharpness  of 
the  notch  also  account  for  much  of  the  scatter  in  the  impact  energies  measured  over  the  transition  range. 

In  general  most  metallurgical  and  other  factors  which  strengthen  the  material,  e.g.  cold  work,  increased 
alloy  additions,  precipi tat  ion  hardening,  etc.,  also  lower  its  toughness.  The  onlv  exception  to  this  rule 
is  the  action  of  grain  refinement  as  this  increases  both  the  strength  and  the  toughness.  Indeed  grain 
refinement  is  one  of  the  most  important  methods  of  obtaining  toughness  in  ferritic  steels  at  low 
temperatures,  and  this  is  achieved  in  part  by  increasing  the  manganese  concentration  relative  to  that  of 
carbon,  high  ‘!n/0  ratios  giving  finer  grained  structures.  The  degree  to  which  the  steel  is  deoxidised,  or 
killed,  by  the  addition  of  silicon  and  aluminium  is  also  important .  fully-killed  steels  being  tougher,  but 
more  expensive,  than  seni-killed  steels.  Niobium  and  vanadium  are  also  added  to  high  grade  steels  to 
produce  additional  grain  refinement,  while  careful  control  of  the  aluminium,  nitrogen  and  vanadium 
concentrations  can  lead  not  only  to  enhanced  grain  refinement  but  also  to  precipitation  hardening  bv  their 
resultant  nitrides  and  carbides. 

It  is,  however,  the  nickel  alloy  steels  that  are  most  widely  used  at  and  below  >3'  K.  In  tritain 
3.2%.  and  b*  \'i  steels  are  readily  available  and  these  grades  adequately  span  most  required 

temperature  ranges.  2.25T  N'i  steel  is  used  down  to  210  K,  particularly  for  equipment  handling  li  ,uid 
propane  at  2  30  K .  while  3.5".  Ni  steel  down  to  170  K  and  is  commonly  specified  for  tanks,  pipes,  and  other 
applications  involving,  liquid  ethvlene.  ethane,  acetylene  and  carbon  dioxide.  It  is.  in  fact,  also  often 
employed  for  higher-temperature  applications  because  the  additional  safety  margins  given  by  its  higher 
toughness  compensate  for  its  marginally  higher  cost  compared  to  2.25";  Ni  steel.  A  5*.  Ni  steel  is  also  used 
quite  widely  in  Furope  at  temperatures  down  to  1 50  K.  particularly  in  the  fabrication  of  welded  vessels  for 
the  handling  and  storage  of  liquid  ethylene.  The  use  of  ')*  nickel  steel  in  thicknesses  up  to  50  nn  and  at 
temperatures  down  to  77  K  without  post-weld  heat -treatment  has  been  allowed  since  llJ62  under  ASMF  code  case 
13«>a.  This  steel  is  available  in  both  (1)  the  quenched  and  tempered,  and  (21  the  double  normalised  and 
tempered  conditions.  (1)  having  a  marginally  higher  yield  stress  and  lower  ductility  at  room  temperature: 
it  is  unusual  in  that  post-weld  heat  treatment  actually  lowers  its  toughness  and  this  treatment  is 
therefore  not  recommended.  It  is  the  only  ferritic  steel  permitted  for  use  at  liquid-nitrogen  temperatures 
and  it  is  econonically  competitive  for  the  construction  of  large  storage  tanks  for  liquid  nitrogen,  oxygen, 
argon  and  methane.  Its  high  proof-stress/tensile-stress  ratio  gives  it  a  distinct  advantage  if  design  on 
the  basis  of  proof-stress  such  as  BS  5500  is  permissible,  but  even  when  designing  to  tensile-stress  codes 


:  it 


it  is  still  a  v**rv  economical  material.  !t  is  re.idilv  welded.  but  fillers  with  the  sane  composition  as  the 
; '.i rent  metal  must  n«»t  be  used  as  ,uch  welds  lack  adequate  tour.hness.  Austenitic  ,‘r>"  t-  '1*'-  \'i  consumables 
.» i v*‘  t.Hij-h  welds  with  expansion  coefficients  that  natch  those  of  the  parent  metal  ,  but  whose  strengths  are 
lower,  whereas  the  hir.ljer-strenp.ru  Inconel  tvpes  have  r.isnatchinp,  expansion  coefficients  and  this  can  cause 
hi.-.h  contraction  stresses  to  he  set  up  durinr.  thermal  cvclinp..  Thus  neither  tvpe  of  electrode  is  ideal  and 
i  urr  her”:ore  their  hir.h  cost  detracts  somewhat  fron  the  favourahle  econor.ics  offered  hv  the  parent  metal. 

’  f  should  t.e  noted  that  ‘,f  steel,  life  other  hip.h-tensi  le  steels,  is  particularly  prone  to  hv-iro,-.en 
>*•  d-ritt  lenent  and  thus  precautions  have  to  l*e  taken  to  prevent  hvdropen  pick-up  durinr  weldinr  <>r  in 
service.  V  special  hir.h  malitv  version  of  Ni  steel  was  used  for  the  fan  shaft  of  the  NT!  .  The 
oossihilitv  »*t  nsinr.  the  standard  allov  tor  the  pressure  shell  mist  also  have  been  considered  seriou.lv  is 
it  wool!  have  seen  cost.  -*M  I  ect  i  ve  alternative  t<>  the  iu-'i!.  stainless  steel  eventually  chosen,  the  relative 
iv  li  lahi  li  t  ies  <>f  the  ;uanti.ries  and  product  forms  required  probably  be  inr.  one  nj  the  deciding  factors. 

‘rvorenic  Wind  Tunnels  with  Ferritic  Steel  Pressure  shells 

: r  should  he  noted  that  there  are  in  fact  a  number  of  crvop.enic  wind  tunnels  in  operation  in 
which  the  pressure  shell  is  made  of  nil!  steel  and  similar  low  alloy  steels  with  tour.h-hri tt le  transitions 
near  room  temperature .  "These  mav  he  divided  into  two  categories,  the  first  heinr,  hlow-down  tunnels  nr 
rocirculat  inr.  funnels  with  stiort.  dutv  cycles.  In  these  cases  the  tunnels  are  lined  with  a  relatively  thin 
i  ivor  of  so:  e  tor-  of  durable  insulation  that  can  f>e  riven  a  clean  aerodynamic  profile.  The  thermal 
ch.iracteri  st  ics  of  the  tunnel  are  analysed  to  establish  that  the  thernal  diftusivitv  of  the  insulation  is 
low  enour.h  to  prevent  tiie  walls  from  coolinr,  significantly  durinr.  the  cold  period  of  the  tunnel  dutv  cvcle. 
'hr-  second  tvpe  of  tunnel  is  typified  by  the  tunnel  at  Tsukuba  t  niversitv.  'apan.  "ere  the  internal 
insulation  is  much  thicker  and  the  tunnel  operates  continuously.  Thermocouples  are  used  to  sense  the 
temperature  of  the  insulation  laver  ad  :acent  to  the  inner  surf  ace  of  the  pressure  shell  and  heater  tapes 
ire  ivkiluble  to  T-pivi  le  local  heat  inr.  should  it  he  necessary  to  ensure  that  the  wall  temperature  does  r/'t 
tall  below  its  touch-brittle  transition. 

•  .  '  fracture  Tour.hness  and  ‘rack.  Propagation 

In  most  materials  the  presence  of  a  notch  or  flaw  has  an  erihri ttlinp  effect  due  to  the  stress 
concent  rat  inr  et  feet  at  the  tip.  Modern  theories  of  linear  blast  ic  and  -eneral  viedinp.  fracture  "echmi.es 
'i;">  and  I  V )  can  relate  the  fracture  strength  and  critical  flaw  size  to  the  fracture  Tour.hness  -  f  the 
■  tteriul.  !  c .  In  a  simplified  fort:  the  basic  relationship  is: 

•*r-p  -  vc  /  fna  ♦  u.V  Kc  /frjj  ’*1  I 

where  irf  is  the  fracture  stress.  hc  the  fracture  tourhness,  is  the  vield  stress  and  a  is  the 

critical  crack  lenpth.  Note  mart  i  cularlv  the  torn  (Yc  / <r ^  V1  .  as  it  r.ives  an  indication  <d  the  amount 
"f  ;  la  stic  deformation  that  takes  place  in  the  material  ahead  ot  t  lie  advancing  crack.  i  t  o-^  is  small. 

c  'ir^  '•  is  larr.e  and  there  is  a  larr.e  plastic  .-one  ahead  of  the  crack  tip.  kolat ivolv  larr.e  .amount  s  of 
enerr.v  ire  absorbed  in  teat  inr.  through  this  /one  ai.d  crack  preparation  is  therefore  -ado  more  lit  limit. 

'n  contrast.  5:  <r^  is  larr.e.  /o-^  )  is  relatively  snail,  the  plastic  .-one  si  e  is  also  small  and 

little  onerr.  is  absorbed  hv  shear  deformation,  furthermore .  we  have  already  seen  that  the  vield  stresses 
ol  :-anv  alloys  increase  ;iiite  rapidly  as  the  teriperature  falls.  Thus  to  maintain  the  sane  relationship 
:  ween  fracture  stronr.th  and  critical  crack  si.-e  the  fracture  tour.hness  would  have  to  increase  ir. 
proportion  to  the  yield  stress.  This  does  not  happen  in  rwinv  hir.h  strength  allovs  and  as  a  result  the 
critical  crack  si.-e  decreases  and  thev  become  increasinp.lv  notch  brittle,  f  nfortunateiv  r  fie  fracture 
t  -ui-hness  of  a  material  is  not  only  highly  dependent  on  its  physical  and  mechanical  condition  hut  also  on 
its  thickness  and  even  sample  width.  Nevertheless  the  application  of  the  concepts  of  fracture  mechanics 
have  provided  a  :>ettor  understanding  of  fricture  l'ehaviour  in  hir.h  strength  allovs  and  a  timer  basis  for 
lesir.n  to  prevent  low  enerr;  thsorbent  fracture. 

It  is  convenient  to  divide  materials  i nt>  the  value  of  the  ratio  of  the  tensile  modulus  to  the 
vield  strenr.th,  ! /rr^  .  If  1  is  less  than  1 the  material  has  such  a  hir.h  stronr.th  that  critical  flaw 
si/es  are  low  and  load -heari nr.  structures  must  he  designed  usinr  fracture  tour.hness  analyses.  If  1  is 
r. renter  than  1 '>"  the  material  is  low  strenr.th  and  -l-  those  bcc  metals  such  as  ferritic  steels  that  fail 
hv  cleavape  lack  touphness.  Medium  strenpth  mat#-r  Is  fallinp  between  these  limits  at  room  terperature  can 

heoo:  e  effectively  hir.h  strength  materials  at  l-\.  *  ••  peraturos  because  of  t lie  rise  in  their  vield  stresses. 

:  racture  mechanics  analvr.es  are  carried  out  for  mam'  of  the  hir.h  strenr.th  materials  used  in  various 
ervopenit  wind  tunnel  applications  includinr.  the  support  stinr.s.  balances,  models  and  other  components  that 
are  hir.h l v  stressed  at  crvo»*enic  temperatures.  Fracture  tour.hness  is  considered  further  in  the  next 
lecture  md  selected  values  for  Ir  at  bin  and  T?v  are  riven  in  its  Append i  :  for  manv  of  the  allovs  likelv 
to  he  m{  use  for  tliese  applications. 

•.  i  '  i •  e -  'ependent  1  ailure 

*s  has  been  shown,  the  fracture  stress  of  a  material  is  stronp.lv  influenced  hv  the  presence  o: 
‘rids  and  flaws.  here  are  three  principle  mechanisms  by  which  such  cracks  nav  form  or  intensify  durinr 
service:  <  1  1  fat.ip.ue.  !  .' 1  corrosion  '  especially -stress  corrosion  and  corrosion-! at i p.ue  ' ,  and  ’  T'  hvdrnpen 

e-f.ri » t  le-ent .  Mono  of  these  is  a  specifically  low-t  emperature  phenomenon,  indeed  the  fat  i  p.ue  lives  of 
•  anv  -etals  increase  considerably  at  low  temperatures,  while  the  rates  at  which  most  corrosion  reactions 
t  tie  j>1  ,ce  drop  iapidlv  as  the  temperature  falls  -  rather  they  increase  the  probability  of  unstable  failure 
under  service  conditions  which  would  normally  be  considered  satisfactory.  Their  eflect  is  the  result  of 
one  <>r  more  of  the  following  factors:  '  a  >  thev  lower  the  touphness  ol  tlie  material,  1  '  they  provide  a 
mechanism  whereby  a  crack  sharpens  and  increases  the  dep.ree  of  stress  concentration,  or  <■  ■  thev  allow  a 
su!  critical  crack  to  crow  at  stresses  below  the  pross  yield  stress  until  i  r.  reaches  the  critical  lonr.th 
required  for  unstable  propagation. 

fatlpue  and  Thermal  fatir.ue 

fati p.ue  failure  occurs  in  materials  subjected  to  cvclic  or  f luetuat inp.  stresses  which  nav  or  mav 
not  be  superimposed  on  static  applied  stresses.  Failure  under  such  loadinp.  conditions  can  take  place  at 
stresses  which  are  verv  much  lower  than  the  tensile  or  yield  stresses  even  in  materials  which  an*  normally 


considered  to  he  touch  and  ductile.  5  at  igue  " ust  the  ret  on*  bo  considered  as  a  possible  ■  ode  ?  » i  1  :  r  •  -  I:. 
uiv  piece  of  low-temperature  equipment  subjected  to  cyclic  loading  or  vil-r.it  ion  for  Ie.  s . 

and  fnrl'in^s!.  m  t  o  periodic  clwnrns  in  pressure  (transfer  linos,  storage  vossels.  and  other  ;  . . . 

:  1  int  .  ho  sovoritv  of  the  problem  ■  nv  be  indicated  :v  the  estimate  that  about  halt  the  {allures 
•*rtti  !nroro>l  in  general  enrinooring  practice  are  caused  !.v  fatigue.  ! at igue  tests  carried  "'it  -t  1  - ■>. 
t  o;  per. it  ures  have  shown  th.it  tuticue  lives  < » t  ’  «>st  Otals  rise  considerably  is  the  tv.  peril  are  tails.  ; 

has  already  bo«*n  lemonst  rated  that  the  tensile  stresses  ■■}  most  metals  increase  as  the  to:  perat  i:i  ••  is 
I'-v.er**  !  md  it  has  eon  found  thit  there  is  a  strom*.  correlation  between  fatirue  strenct L  an  I  tensile 
strenrth:  indeed.  periment  s  tiave  shown  that  in  some  ratals  the  ratio  of  the  endurance  li'it  -it  '  ^ 

,'vclep  r  ■  the  tensile  stress  is  virtuallv  independent  . . t  test  i  nr  t or. perat  ure  . 

thermal  latir.uo  is  of  particular  role\  mre  to  cryogenic  plant,  such  failures  havinr  occurred  in 
rei-en-’rators  alter  a  large  number  of  temperature  reversals,  and  in  heat  exchangers  and  other  cor ; -merits 
ftor  a  relatively  snail  nur.her  of  warning  and  coniine  cvrles  caused  hv  plant  shut-down.  'he  l-asic  cause 
•  >f  this  tvpe  of  fatirue  is  the  hirh  stresses  and  strains  that  can  he  sot  up  durinp.  therral  cvclinr,  if 
t  perat  ure  gradients  are  non-linear  or  if  free  expansion  and  contraction  are  restricted  hv  external 
constraints.  '.n  this  tvpe  -d  low-cvcle.  hi gh -strain  fatigue.  snail  amounts  of  plastic  defer .at  inn  t.n  e 
place  durinr.  each  loading  cvcle  and.  cur.ulat  ivelv  load  to  failure.  Such  failures  were  in  fact  encountered 
in  the  earlv  operation  of  \as.\  Lai"  u.  f-n  Trj'  where  MsjK)ke~like"  aluniniur  struts  wore  rigidly  attached  to 
th»*  tunnel  pressure  vessel  and  to  central  "huh-like”  structures.  Subsequent  redesign  using  LTH  cushioned 

.  slots  at  the  central  hub  att.achr.ent  points  allowed  free  therral  expansion  of  the  spokes  and  elimination 

of  the  stresses  that  caused  thernal  fatip.ue. 

■  re -exist ini',  flaws,  notches,  cracks,  badly  raiiused  corners  and  other  surface  defects  have  a 
strong  influence  on  fatip.ue  lives,  causing  then  to  drop  sharply  at  all  temperatures  even  in  naterials  which 
«.re  not  norr.allv  considered  to  bo  notch  sensitive.  This  is  usually  a  result  of  the  increase  in  stress 
intensity  brought  about  tv  the  sharp  fatip.ue  cracks  and  it  is  particularly  severe  in  hi r,h- strength 
sluniniu:  alloys,  titanium,  and  stainless  steels  which  are  known  to  he  notch  sensitive.  As  noted  earlier, 
it  is  possible  to  applv  the  concepts  of  fracture  toughness  to  crack  growth  under  cyclic  applied  stresses 
and  :anv  data  e«v  .pi  lat  ions  'e.p.  Kef.  1 J  *  show  ttie  relationship  between  crack  p.rowth  rate  da/dN  as  a 
function  of  stress  inter. sitv  factor  ranpe  ^  k.  Predicted  component  lives  are  then  obtained  by  calculating 
how  r.anv  cv<  les  ire  required  to  increase  the  flaw  si.*e  from  its  initial  to  the  critical  value.  In  general, 
fatip.ue  «  rack  p.rowth  rates  decrease  at  low  temperatures  for  most  metals  normal lv  used  for  the  construction 
crvogcnic  equipment.  In  contrast  they  increase  for  ferritic  steels  at  temperatures  below  the  ductile- 
brittle  transition. 

Corrosion  fatigue  can  be  a  problem  with  some  low  temperature  equipment  particularly  if  it  is 
frequently  cvcled  between  low  and  ambient  temperatures.  In  the  presence  of  even  mildly  corrosive 
environments  larp.e  reductions  in  the  endurance  limits  can  occur  even  though  the  amount  of  metal  corroded  is 
negligible.  ^ome  aluniniur  alloys  are  especially  prone  to  corrosion- fat igue .  ordinary  moist  air  causing 
some  deterioration,  while  salt -laden  atmospheres  are  particularly  harmful.  Krenaturc  failure  has  been 
known  to  occur  in  air  separation  plants  located  by  the  sea  or  near  chemical  plants  and  if  such  conditions 
ire  liaf  Ip  to  be  encountered  it  is  necessarv  to  apply  a  protective  coatinp,  to  the  metal  nr  to  specify  a 
material  such  as  stainless  steel,  which  is  less  susceptible  to  this  type  of  failure. 

" .  t .  .*  corrosion  and  Embrittlement 

These  are  two  mechanisms  by  which  failure  can  occur  without  warninp,  lonp,  after  the  initial 
application  of  the  stress  and  they  can  cause  failure  at  low  temperatures  even  though  the  actual  corrosion 
or  embrittlement  is  more  lik.elv  to  have  taken  place  at  or  above  room  temperature.  Stress-corrosion 
result ing  from,  internal  residual  stresses  is  liable  to  occur  in  brass,  aluminium,  mar.nesium.  titanium,  and 
steel  as  well  as  some  non-nerals.  It  is  usually  prevented  by  annealing  at  a  temperature  hip.h  enoup.li  to 
remove  the  residual  stresses  without  weakening  the  material.  Hydrogen  er.hrittl  ment  is  a  particular 
problem  in  hip.h-strenp.th  steels  such  as  H",  Mi  steel.  The  hvdrop.en  is  usually  absorbed  durinp.  picklinp,  and 
plating  processes  «r  durinp,  weldinp,  and,  although  rhe  hvdrop.en  can  sometimes  be  removed  from  steels  bv 
baking  at  lr»o  T,  it  is  better  to  prevent  its  initiii  jick-up  where  possible. 

STRENGTH  ANP  TOUGHNESS  OF  NON-METALS  AT  LOW  TEMPERATURES 

Mon-metallic  naterials  have  much  more  complex  structures  than  metals  and  the  amorphous  and 
- i rrocrvstalli ne  structures  typically  found  in  glasses  and  ceramics  almost  invariably  make  then  brittle 
because  thev  are  unable  to  accommodate  the  plastic  deformation  needed  t ■<  relieve  the  hip.h  stress 
concentrations  which  build  up  around  small  flaws.  They  are  thus  much  stronppr  in  compression  than  in 
tension  but  are  rarely  used  in  the  bulk  form  even  under  compressive  loadings  because  their  poor  thermal 
conductivities  and  consequent  liability  to  thermal  shock  make  them  liable  to  shatter.  However .  in  the 
finelv  divi  !•*,{  form  of  fibres,  powders,  fi  lms,  foams  and  expanded  rT^nulcs  thev  are  widely  used  for  thermal 
and  electrical  insulation  at  low  tempera  cures . 

•  .  !  Ceramics  and  classes 

•  lasses  and  ceramics  have  amorphous  structures  and  thev  are  unable  to  defor:  plastically  and 
relieve  stress  concentrations  caused  by  microcracks  in  their  surfaces.  Ihev  fail  in  tension  at  relatively 
Low  stresses  at  all  ter,pera Cures  and  their  use  in  bulk  form  at  low  temperatures  is  limited,  class  bewar 
flasks  are,  however,  still  used  for  storing  small  quantities  of  crvop.enic  fluids  and  large  plate  glass 
windows  are  orq  loved  as  viewing  ports  in  crvop.enic  bubble  chambers.  •  areful  thermal  annealing  t<>  remove 
surface  cracks  and  residual  stresses  is  essential  for  these  applic-ations.  while  thick  sections  have  t"  be 
moled  extremely  slowly  to  avoid  failure  due  to  differential  contraction  or  thermal  shock,  feramics  and 
glasses  are  stronger  in  compression  than  in  tension  liecause  the  microcracks  are  propagated  by  tensile 
stresses  and  residual  compressive  stresses  are  often  induced  in  the  surfaces  of  glass  plates  to  toughen 
them.  In  a  similar  manner  concrete  structures,  which  are  also  brittle  in  tension,  can  operate 
satisfactorily  at  low  temperatures  if  kept  in  compression  and  large  liquid-natural -gas  storage  tanks  have 
been  constructed  in  which  the  concrete  is  maintained  in  compression  by  steel  reinforcing  rods  placed  in 


tension  around  the  wamer  outside  of  the  tank.  The  liquid  nitrogen  storage  tanks  for  the  'niversitv  M 
:  sukuha  cryogenic  wind  tunnel  are  also  nade  of  concrete  lined  internally  to  minimise  the  ovaporat  i <«n  rate 
and  keep  the  tension  rods  in  the  warn  part  of  the  concrete.  I  nr  applications  such  as  the  floors  «<f  leading 
ha  vs  for  road  tankers  transporting  cryogenic  liquids,  it  lias  -eon  found  that  high  iturina  cements  such  js 
ir-ent  Fondue  are  much  nore  resistant  to  shattering  l-v  thernal  shock  than  is  -Tdinarv  iortland  ceres  it  . 

*  .2  Thermoplastics  and  Thernosets 

Polvneric  materials  can  be  divided  hasicallv  into  two  structural  categories:  the  therm*  ■  1  .ist 
and  the  thernosets.  The  long  chain  molecular  structures  of  t herno -plast  i cs  givp  the:-  mechanical  ;  r- •  ■  it  i ♦* *- 
which  are  strongly  dependent  on  the  temperature  and  rate  at  whirl;  rhev  arc  stressed.  :  urt  her: /•re .  n 
increase  in  their  internolecular  forces  over  a  ter.|»eraf tire  range  known  as  the  class  transition,  vhi 
be  a hove  or  helow  ambient,  means  that  most  thermoplastics  underpo  a  reversible  transition  to  i  class- 
brittle  state  in  which  they  are  unable  to  deform  plastically.  As  their  glass  transition  t  or -.perar  ur«*s  «re 
all  above  ISO  K  there  are  no  thermoplastics  which  exhibit  anv  really  significant  decree  ot  ductility  'x-l  >w 
this  temperature . 

Thermosetting  polymers  have  a  network  structure  which  renders  the:,  brittle  and.  they  .ire  thus 
rarely  used  in  the  unfilled  state.  However,  when  combined  with  suitable  fillets  their  toughness  is  gte*M’. 
improved  and  phenolic -impregnated  cloths  and  papers  (such  as  Tufnol  and  I’axolin  ■  are  particularly  useful 
for  the  fabrication  of  load -bearing,  electrically-insulating  fitnents.  The  inclusion  ol  j*owdered  class  r 
ceramic  powders  reduces  the  brittleness  of  un-filled  resins  while  the  incorfKirat  ion  of  class  or  curf-a, 
fibres  and  cloths  in  epoxy  resin  matrices  p.ives  the  high  i>erfon;ance  cor>f>ositps  to  be  const  b' red  in  s»"  t  i  i 


Materials  selection  becomes  even  more  complicated  if  these  materials  are  needed  i:i  ippi  irat  i- a.s 
where  liquid  oxygen  (1.0X)  is  present,  as  virtually  all  hydrocarbon-based  polvners  are  i  ncomp.it  i  t-le  with  1 
and  burn  violently  in  its  presence.  The  polysulphides,  silicones  and  f luorosi li cones  are  more  I 
compatible,  hut  it  is  only  the  fluorocarbons  that  are  completely  satisfactory  in  this  respect . 

(>.2.1  Thermoplastics  of  Particular  Interest  for  Cryogenic  Wind  Tunnels 

Applications  of  major  interest  for  wind  tunnel  models  will  be  considered  in  the  next  lecture, 

!,ere  we  will  consider  thermoplastics  in  their  roles  as  seals  and  adhesives,  Correctly  designed  fittings 
are  important  if  leak-tight  ioints  are  to  be  nade  at  low  temperatures.  As  long,  as  no  dynamic  stresses  art- 
involved.  satisfactory  seals  can  be  obtained  from  elastomers,  even  when  thev  are  t>olow  their  glass 
transition.  Tn  order  to  achieve  this  aim,  very  large  compressive  strains  are  imposed  at  room  ter.perat uro 
so  that  the  elastomer  is  able  to  exert  sufficient  force  to  offset  the  decrease  in  load  cause  1  hv  the 
contraction  which  takes  place  as  it  goes  through  its  glass  transition.  The  most  satisfactory  results  are 
obtained  using  confined  compression  designs  in  which  a  follower  on  one  flange  squeezes  the  d-ring  into  the 
bottom  of  a  matching  groove  in  the  face  of  the  other  flange,  as  well  as  into  the  clearance  space  between 
groove  and  follower.  The  o  rings  are  typically  compressed  by  a  (tout  HOZ,  of  their  orig.in.il  diameter  and  are 
thus  not  re-useahle. 

The  fluorocarbon  family  of  polymers,  polytetraf luoroethylene  (PTFF.  TFT.  Teflon',  the  fluorinated 
ethvlene/propylene  copolymers  (FKP),  and  polychlorotrif luoroethvlene  (  PCTFF ,  Kel-F),  are  the  only  materials 
which  retain  any  measurable  ductility  (approx.  I”)  down  to  ft  K.  This  is  a  result  of  their  unique  molecular 
structure  in  which  crystallites  are  formed  having  a  tight  spiral  formation  of  fluorine  and  chlorine  groups 
which  are  unable  to  pack  closely  together,  thus  preventing  the  material  from  having  a  strong  glass 
transition.  Although  these  materials  are  not  elastomers,  their  ability  to  undergo  enough  plastic 
deformation  to  form  a  satisfactory  seal  makes  them  invaluable  for  use  at  temperatures  down  to  uK .  They  do. 
however,  suffer  from  a  tendency  to  cold  flow  under  continuous  load,  and  seals  are  thus  liable  to  leak 
unless  the  load  can  be  increased  to  compensate  for  the  cold  flow.  Filled-PTFF  compositions  have  been 
developed  to  overcome  this  problem,  glass-fibre  being  most  commonly  used  for  o-rings  and  gaskets,  while 
graphite,  bronze  and  other  powders  are  also  used  for  bearing  applications.  Glass  fibre  improves  the 
tensile  and  compressive  properties  of  the  materials,  while  the  PTFF  gives  it  sufficient  ductility  to 
accommodate  plastically  the  strains  developed.  Furthermore,  the  themal  contraction  of  the  composite  is 
reduced  from  the  high  value  characteristic  of  unfilled  PTFF.,  so  that  the  expansion  of  the  composite  is  mo  re 
compatible  with  that  of  metals,  thus  making  joint  design  easier.  The  confined  compression  designs  of 
flanges  are  also  to  be  preferred  for  use  with  fluorocarbon  seals  because  they  minimise  the  deleterious 
effects  of  cold  flow. 

In  the  NASA  I,aKf  0.  3-m  TOT  many  large  and  small  diameter  seals  are  nade  using  ’’Cortex".  This  is 
a  low-densitv  form  of  PTFF  created  by  a  proprietary  process  that  involves  stretching  the  material  to  about 
Vi  tines  its  original  length  without  reducing  its  diameter.  The  material  has  been  found  to  be  particularly 
suitable  for  the  demountable  seals  on  the  plenum  cover  of  the  2D  test  section.  Although  "Cortex"  is  not 
intended  for  re-use,  it  has  been  found  that  it  is  not  necessary  to  replace  the  gaskets  each  tine  the  cover 
is  opened.  An  alternative  approach  is  to  use  spring-  or  pressure-assisted  seals.  Tn  spring-assisted  seals 
a  metal  backbone  spring  provides  the  sealing  force  and  helps  to  compensate  for  dimensional  changes  during 
cool-down,  while  the  PTFF.  coating  forms  the  actual  seal  with  the  mating  surface.  A  "F"  shape  cross  section 
seal  with  a  type  102  stainless  steel  spring  and  PTFF  coating  was  chosen  for  the  NTF ,  the  "H”  shape  section 
allowing  the  use  of  gas  pressure  to  improve  sealing  efficiency.  It  was  also  found  that  the  surface  finish 
<>f  the  mating  surface  was  important,  a  o.K  Jim  (12  pin)  RMS  finish  being  acceptable,  and  that  treatment  of 
these  surfaces  with  FKP  or  TFF  tapes  or  lubricants  improved  sealing  efficiency. 

There  are  many  applications  in  which  netal -metal ,  metal-plastics  or  plastic-plastics  adhesive 
mints  are  advantageous.  For  example,  brackets,  clips  and  other  attachments  can  be  bonded  to  pressure 
vessels  without  creating  the  stress  raisers  that  would  otherwise  be  caused  by  welding  or  other  conventional 
techniques,  while  corrosion -free  ioints  between  dissimilar  metals  can  be  obtained  if  their  surfaces  are 
kept  apart  by  an  electrically  non-conduct ing  adhesive.  At  room  temperature,  adhesives  are  usually  able  to 
deform  sufficiently  for  any  stress  concentrations  to  be  relieved,  but  at  low  temperatures  their  moduli 
increase  considerably  and  make  this  much  less  likely.  Contraction  and  ottv>r  stresses  have  to  be  minimized 


1“ 

tn!  t  ho  m»v  t<*  the  success t  ul  Jove  lnpr  .out  *1  structural  adhesives  lies  in  the  us*?  of  tillers  rh.it  the 

i.i ns i->n  t  icieni  s  <>t  t  he  ilhesives  .ts  -lose!.  is  possible  t<’  those  of  the  subs*  rate  an-!  the  .idher^Td  . 
!hev  also  redistribute  thermal  stresses  throughout  r  ho  idhesive  instead  of  concentrat  ing  ther  at  the 
a  lhesi vo-suhst rate  interface.  von  so,  the  ttif*r,il  conductivities  of  most  adhesives  are  law.  and 
te- j-eriture  differentials  between  the-  and  metal  substrates  can  cause  failure  fro:,  t  hemal  shoo;-  if  the 
clue  line  is  not  Kept  as  thin  is  possible.  ■  *ne  wav  • . !  achieving  this  is  to  use  a  'structure*  or  ''mirrier 
hetween  adherent  and  substrate.  i'l.is  is  usuallv  a  thin  layer  of  class  fibre  .at  which  allows  the  adhesive 
to  penetrate  and  wet  t  he  filaments.  thus  forming  an  even  l>ond  as  well  as  reducinr  the  differential 
■  *ntr  ict  ion  i-etween  adhesive  and  adherent.  !t  also  has  the  further  advantage  of  reducinr  creep  at  .trident 
r  porature  in  adhesives  such  as  the  -r-lvu  re  thane  pastes,  which  in  other  respects  are  among,  the  most 
suriYSStul  alhesives  for  low- te-.peratur--  applications.  other  tvjes  include  the  epoxv-nylons .  nitrile 
•  >!ilie!  :henolirs,  epu  •  v  ;  henoli  s.  an:  fluorocarbon -epoxy  polvarides . 

■  .  i.-.h  :  »*rl  or:  ance  <•••  posit es 

::ieh  i-erfor  ance  -n-  posi  tes  are  farmed  bv  the  incorporation  of  class,  carbon  or  f  evlar  fibres  in 
at.  rices  <>t  thermosetting.  polymers  such  as  epoxv  resins,  for  nost  aerospace  applications  their  attraction 
It'-1*  in  their  hirh  specific  strenr.ths  and  stiffness,  and  these  characteristics  ir.prove  at  low  temperatures 
•;t  riot,  perhaps,  s-i  mar’-edlv  as  tliose  of  metals.  <ne  na  :or  interest  in  r.lass-reinforced  plastics  for  low 
to-  venture  applications  cn~.es,  as  noted  earlier,  f ror.  their  verv  hirh  strenpth/t hemal  conductivity  ratios 
which  -i.h  c  the-,  i  leal  for  use  as  load -hearing.  therr  .ally-insulating  supports. 

\s  the  reinforcinc  fibres  are  stronger  and  stiffer  than  the  matrix,  they  support  the  greater  part 
1  !  the  applied  load  and  t  lie  strength  of  the  composite  is  determined  by  the  lenr.th.  orientation,  and 

ncentrat  ion  of  the  fibres,  “in— «  ij  per  cent  of  fibres  by  volume  are  typical  navinur.  concentrations  unless 
t  i  lament -wind inr.  techniques  are  used.  Tensile  strenr.ths  of  ;>7n- -* J*»  MPa  are  typical  of  roor.- temperature 
values  ami  those  increase  r.raduallv  to  about  a«o-7C«i  Ml'a  at  77  y.  Their  moduli  are  less  temperature 
dependent,  increasinp,  by  about  I''-Jn  per  cent  on  coni  inr  from  h*«r  1  tn  ’u  y.  while  their  tour.hness.  as 
measured  bv  impact  or  notched  tensile  tests,  shows  little  significant  variation  over  this  temperature 
ranee.  These  are  quite  hir.h  strenr.ths  hv  most  standards,  and  when  the  low  density  of  c.lass-f i bre- 
reinforced  plastics  CCKF’ '  is  taken  into  consideration,  it  can  be  seen  that  their  specific  strenr.ths  are 
e • *  . emelv  hirh. 

Tensile  tests  carried  out  on  specimens  laminated  from  a  sinrle  thickness  of  woven  cloth  show  a 
change  from  a  hir.h  initial  modulus  to  a  lower  secondary  modulus  at  a  load  equivalent  to  about  !  per 
cent  of  their  ultimate  load -carrying  capacities.  If  the  specimens  are  examined  at  this  stage  thev  can  he 
seen  to  be  full  of  nicrocracks  and  the  material  is  now  porous  and  unable  to  retain  vapour  or  liquids.  The 
root  of  this  difficulty  lies  in  the  failure  of  the  bond  at  the  fibre-matrix  interface  in  those  fibres  that 
have  a  large  stress  component  resolved  perpendicular  to  the  fibres.  The  strength  of  this  bond  is  about 
1  i  per  cent  of  the  composite  strength  parallel  to  the  fibres.  lence  the  material  has  hecone  porous  lone 
before  it  has  developed  its  full  potential  strength  and  its  electrical  properties  are  also  degraded. 

Fatigue  failure  also  develops  bv  fibre/matrix  de bonding  and  resin  cracking  at  stresses  lower  than  those  in 
comparahle  static  tests.  Where  fatigue  loading  is  expected,  design  stresses  are  usually  taken  as  about 
one-tenth  of  the  composite  failure  stress. 

-lass  fibre  reinforced  composites  also  have  other  drawbacks.  Static  fatigue,  which  is  a 
characteristic  failure  mode  in  bulk  glass  and  unreinforced  thermo-plastics,  can  also  occur  in  if 

moisture  is  able  to  penetrate  the  fibre  matrix  interface,  although  this  failure  mechanism  does  not  operate 
if  the  composite  is  maintained  at  low  temperatures.  A  more  serious  difficulty  lies  in  the  highly 
anisotropic  nature  of  their  mechanical  properties,  reinforcement  being  much  more  efficient  in  a  direction 
parallel  to  the  fibres  than  perpendicular  to  then.  Cross-plying  the  lamination  allows  two-dimensional 
r- Lnforcenent ,  hut  strengths  and  noduli  are  reduced  compared  to  those  attainable  parallel  to  the  fibres. 

If  the  orientation  of  successive  plies  is  varied  from  laver  to  layer,  this  r -isotropy  can  be  reduced  and 
more  homogeneous  properties  ott .mined.  This  type  of  laminated  structure  was  utilized  in  the  construction  of 
the  ‘.TF  fan  blades.  Two  different  types  of  woven  V  glass  cloth  pre- impregnated  with  an  epoxy  resin  were 
laid  up  at  predetermined  orientations  and  oven  cured  to  consolidate  the  laminate  and  fully  cure  the  resin, 
"ther  fibreglass  structures  used  in  the  NTK  include  pultrusion  sections  used  to  fix  the  foaned  glass 
insulation  between  the  inner  aluminium  liner  and  outer  stainless  steel  pressure  shell.  Further 
applications  of  high  performance  composites  will  be  considered  in  the  next  lecture. 

7.  MATERIAL  PROCUREMENT  AND  QUALITY  CONTROL 

It  should  be  noted  that  the  construction  of  cryogenic  equipment  is  suh;ect  to  the  sane  economic 
constraints  as  any  other  large  technical  project,  in  that  the  total  cost  of  each  stage  or  component  needs 
to  be  considered  when  alternative  materials  are  being  considered.  Thus,  to  the  cost  of  the  basic  material 
needs  to  he  added  the  cost  of  the  appropriate  forming,  coining  and  fabrication  processes,  inspection  and 
ualitv  control,  possible  rework  and  final  finishing.  It  is  almost  invariably  a  false  economy  to  purchase 
material  for  demanding  technical  applications  at  ’ rock-bottom1  prices  as  the  resultant  ’savings'  frequently 
lead  to  subsequent  costly  problems,  or  even  reaction  of  the  component.  The  additional  costs  incurred  in 
ensuring  that  a  pro  ject  starts  off  with  top  quality  material  are  a  worthwhile  preniun  to  pay  for  avoiding 
the  problems  likely  to  arise  from  the  use  of  poor  quality  material.  It  is  recommended  that  the  ultimate 
us**  of  component,  and  possibly  the  intended  fabrication  route  should  be  made  known  to  the  materials 
suppliers  when  flotations  are  being,  sought  so  that  they  are  aware  of  the  problems  that  night  arise  if 
target  specifications  are  not  net.  Furthermore,  it  has  often  been  found  that  ' misunderstandings '  are  kept 
to  a  minimum  if  the  pro  ;oct  engineer  makes  contact  with  a  technical  representative  of  the  suppliers  to  make 
him  aware  of  the  project  requi renents .  rather  than  :ust  leaving  the  purchasing  department  to  progress  the 
order . 


CONCLUSIONS 


In  this  lecture  the  author  has  tried  to  hri nr,  out  the  philosophy  that  crvopenic  engineering  is  a 
,-.at ure  technology  that  has  much  to  offer  the  field  of  aerodynanic  testinr,  through  use  of  the  crvor.enic  wind 
tunnel.  It  is.  however,  important  that  those  without  a  thorough  proundinp  in  crvorenic  enri neerinr  should 
make  an  effort  to  befifit  iron  accumulated  experience  on  the  correct  way  to  handle  cr^openic  fluids  and  the 
best  materials  to  use  in  the  construction  of  equipment  for  operation  at  cryogenic  temperatures .  To  this 
end.  particular  emphasis  has  been  laid  in  this  lectiue  on  those  aspects  of  cryogenic  enpineerinr  that  have 
a  direct  bearinr,  on  safety,  in  the  belief  that  if  potential  problems  can  be  understood,  it  is  less  likelv 
that  actual  problems  will  be  encountered.  I'sed  with  care  cryogenic  fluids  such  as  li  juid  nitmren  cm 
brine  significant  scientific  and  technical  advantap.es.  Misused,  the  cost  could  he  in  urv.  or  even  death, 
of  those  directly  or  indirectly  involved. 
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:he  problens  confrontinr.  the  designer  of  models  for  crvorenic  wind  tunnel  models  n**  li  so,  ; 
with  particular  ret  ere  nee  to  the  difficulties  in  obtaining  appropriate  «iuta  on  toe  •echan:  <~.i  l  m  !  :  p-.s:.  l 
properties  of  candidate  materials  and  their  fabrication  technologies.  he  relatiunshi|  between  strenitv 
and  toughness  of  allovs  is  discussed  in  the  ci  atext  of  maximising  both  and  av«»i  fin,,  the  ;  r< dev;  ot 
dimensional  and  nicrostructural  instability.  Ml  -a  :<>r  classes  of  materia’s  used  in  :<iiel  construction  ..r*> 
considered  in  some  detail  ami  in  the  Appendix  selected  numerical  data  is  ,-ivon  tor  the  most  relevant 
materials.  The  ste7*ped-specinen  programme  to  invest  igate  stress  induce!  !i  ensior.al  ch.inf.es  in  alio-,  s  is 
discussed  in  detail  together  with  interpretation  of  the  initial  results.  The  methods  use  !  to  b.»ni  • :« >  ! c*  1 
components  are  considered  with  particular  reference  to  the  selection  .if  tiller  allovs  and  to- per  at --re 
cycles  to  avoid  nicrostructural  degradation  and  loss  of  mechanical  properties. 


1.  INTRODUCTION 

The  advent  of  lare.e  crvogenic  wind  tunnels  such  as  the  National  Transonic  facility  •  \'7r  at  the 
NASA  I.anglev  Research  Center  has  created  nanv  challenp.es  for  the  designer  of  models.  ptini.-ation  ot  the 
choice  ot  material  and  fabrication  techniques  calls  for  fine  uidp.nent  as  nanv  of  the  properties  required 
are  near  the  limits  attainable  with  state-of-the-art  technology.  Furthermore.  in  nanv  cases  improvements 
in  one  direction  seen  inevitably  to  be  accompanied  by  losses  in  others.  Thus,  for  example,  the  material 
has  to  have  a  vield  stress  high  enough  to  carry  the  in posed  aerodvnanic  loadings.  yet  be  tough  enour.h  to 
operate  safely  at  cryogenic  temperatures.  It  has  to  he  capable  of  beinr.  fabricated  usinr  available 
machining  and  ’olninp  techniques  to  give  a  model  with  a  precisely  known  shape  and  a  hir.h  quality  surface 
finish  whirh  is  able  to  retain  dimensional  stability  durinp,  thermal  cvclinp.  between  ambient  and  its 
cryogenic  operating  temperatures.  It  has  to  he  either  intrinsically  resistant  to.  or  capable  of  beinr 
protected  from,  corrosion  and  degradation  and.  if  it  is  to  be  of  maximum  use  as  an  aerodynamic  test 
facility,  it  lias  to  be  furnished  with  a  complex  array  of  orifices,  tubes,  set  sots,  heaters  and  other 
components  needed  for  data  r.atherinr,.  While  many  of  thrtse  requirements  have  been  familiar  to  genera- ions 
of  experimental  aerodvnamiclsts,  it  is  the  high  Reynolds  number  requirement  and  in  particular,  the  added 
crvor.enic  dimension  that  that  has  rais'd  the  designers’  challenge  to  its  present  level. 

>ome  idea  of  the  wav  information  on  the  nanv  factors  involved  in  the  design  and  construction  of 
such  models  may  be  generated.  stored  and  transmitted  is  illustrated  schematically  in  Figure  1.  At  the 
conceptual  stare  the  constraints  set  by  the  aerodynamic,  aeroelastic  and  instrunentational  requirements 
require  the  input,  of  data  contained  in  the  various  locations  shown  in  the  "information  Sources"  box. 
Further,  more  detailed,  information  is  needed  at  the  next  stage  when  a  peneral  specification  and  desien 
studv  is  undertaken.  These  include  materials  properties,  information  on  shaping  and  ioining  technolopies . 
as  well  as  the  cost  and  availability  of  candidate  materials.  When  fabrication  of  a  specific  model  is 
undertaken,  some  information  on  the  experience  pained  should  start  to  flow  back  via  feed-back  paths  to 
enhance  the  cumulative  knowledge  on  both  successful  and  unsuccessful  techniques  and  materials  used,  once 
the  model  has  been  put  into  service,  further  feed-back  should  enable  its  performance  and  degradation  to  be 
monitored.  Modifications  or  the  adoption  of  alternate  configurations  should  ilso  provide  valuable 
opportunities  for  data  feed-back.  Finally,  once  a  model  has  reached  the  end  of  its  useful  life,  some  form 
of  post-nnrtun  examination  would  allow  comparison  of  the  initial  model  design  requirement  with  its 
subsequent  performance.  Unfortunately  much  useful  knowledge  is  often  lost  to  the  technical  community  as  a 
whole  when  pressure  of  work,  or  a  change  of  responsibilities,  prevents  adequate  technical  documentation  of 
both  successful  and  unsuccessful  models. 

Many  sources  of  data  will  need  to  he  tapped  to  provide  the  breadth  and  depth  of  information 
required  if  models  for  cryogenic  wind  tunnels  are  to  be  fabricated  efficiently.  Some  information  on  the 
appropriate  cryogenic  technology  is  available  in  references  I-'*  f.  22.  however,  designers  often  experience 
considerable  difficulty  in  finding  the  data  thev  need,  partly  due  the  fragmented  location  nf  the  available 
information,  hut  also  due  to  the  specific  nature  of  the  problem.  Accordingly,  research  and  development 
programs  have  been  set  up  to  investigate  those  areas  of  technology  where  information  is  most  urgently 
needed.  Three  particular  topics  being  studied  at  NASA  [.angler  Research  Tenter  are:  H  ^  Toughness 
i  nhancenent  hv  •'.rain  Refinement,  (2)  Bonding  and  Filler  Materials  and  (  M  Dimensional  stability  and 
Machining  -  Induce  1  Deformation  in  Candidate  Materials  for  Model  Fabrication.  The  author  has  been  closelv 
involved  in  the  latter  program  and  much  of  the  material  contained  in  this  paper  has  been  generated  or 
collated  under  this  NASA  supported  program,  experience  generated  from  other  models  in  conventional  as 
vpII  as  cryogenic  wind  tunnels  should  he  supplemented  with  that  from  other  relevant  technologies,  lor 
example,  some  of  the  data  generated  by  the  requirements  of  the  nuclear  fusion  power  generation  program  for 
very  large  superconducting  magnets  could  have  a  direct  bearing  on  the  cryogenic  model  program.  The 
rationalization  and  collation  of  relevant  information  from  these  diverse  sources  would  be  of  considerable 
benefit  to  those  involved  in  the  design,  fabrication  and  use  of  nodels  in  cryogenic  wind  tunnels, 
particularly  if  it  were  to  be  collated  in  a  "  handbook  of  Crvogenic  Wind  Tunnel  Model  Technology". 

In  order  to  reduce  unnecessary  duplication  with  the  following  paper  by  Dr  Young,  this  paper  will 
concentrate  on  the  the  more  fundamental  aspects  of  materials  and  techniques  for  nodal  construction. 
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FUNDAMENTAL  CHARACTERISTI CS  OF  MFTAI.S 


’.1  Relationship  between  strength  and  Tour.hness 


The  need  for  hip.h  strength  while  still  retaininp.  adequate  tour.hness  for  safe  operation  severely 
limits  the  ranr.e  of  alloys  that  can  he  considered  for  the  construction  of  node  Is  lor  larpe.  pressurised 
crvop.enic  wind  tunnels.  The  ninimun  yield  stress  considered  acceptable  for  Pathfinder  1.  the  lead  model 
t  or  the  NIT,  is  Mb'  MPa .  Urii>  ksi)  at  77  K  (-120  K).  This  is  not.  in  fact,  a  hip.h  stress  level  and  the 
fracture  toughness  re-juirenent  of  at  least  ‘H.r»  MPa  &  (sr>  Ksi  /Tn>,  or  a  (‘harpy  V  notch  Ir.pact  !  nerpy  of 
'i  I  '.•!”>  ft-lbs)  is  not  excessively  cautious.  However,  applied  together  these  two  desip.n  requirements 
combine  to  narrow  drastically  the  ranp.e  of  candidate  materials,  basically,  this  is  because  most 
•• :etallurp.ical  techniques  that  increase  the  yield  stress  also  brinp,  about  a  decrease  in  fracture  tour.hness. 

}  urthernore,  as  the  critical  flaw  si  ?e  in  a  structure  is  related  to  the  crack  sire  factor.  (  kje  /o"y  i1 .  an 
increase  in  vield  stress  without  a  correspondinp,  increase  in  fracture  tour.hness  will  lower  the  resistance 
of  the  material  to  unstable,  low-enerpv  crack  preparation.  This  toup.hness-versus-strenpth  trend  for 
structural  materials  is  well  illustrated  in  Fip.ure  2.  as  modified  by  Rush  (Ref.  31)  fro;  Toblers  oripinal 
<T:of.  >?>,  Most  materials  fall  between  the  two  trend  lines,  those  at  the  upper  boundary  ha  vine,  the  highest 
tour.hness  for  a  riven  yield  stress.  It  should,  however,  he  noted  that  these  optimum  properties  are  often 
not  shown  in  the  particular  product  form  delivered  for  model  fabrication.  Considerable  effort  is  under  wav 
to  produce  materials  havinp.  properties  which  lie  above  the  upper  trend-line  of  Kip,.  .  and  there  are  two 
different  basic  approaches  to  this  objective: 


-  Increasing,  'trenr.th  without  Loss  of 
1  racture  Tour.hness  as  in  the  hip.h 
nitropen  and  hip.h  nanp.anese 
stainless  steels. 

-  Inereasinr.  Fracture  Toup.hness 
without  Loss  of  vtrenp.th  in  ferritic 
steels  hv  the  use  of  multiple  stape 
heat -treatments  throup.h  the 
austenite  /austenite  1  ferrite 
phase  transformation  rep, ion. 

ip.nif icant  tour.hness 
improvements  have  been  achieved  by  Rush 
(Ref,  1'"')  in  Nickel ,  HP  M-a-jo  and 
MM  narapinp.  steel  usinp,  this  second 
approach. 
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Fip.ure  .  ioup.hncss* vs- ''trenr.th  Relationship 


j  •  »'.»«■>}  n.'i!  t-s’  ili tv 

■u  I'm  to  the  dnt'w:;  acceptable  toughness  requirement  s  a  number  of  prpripit.it  ion-hardened 

?  *'*“1  s  »-.iw  to  ho.it  t  ro.it  ed  to  -i  lower  strength  condition  and  it  has  been  found  that  this  can 

i  iist.it  i  lit  v  .  here  -ire  two  basic  mechanisms  that  can  cause  snd:  inst.at  i li t\ : 

■  t  1 I 1  i.rvi  i  a  1  stru<»:.ral  instability  in  which  one  phase  transi  or:.s  port  i  all  v  or  Jullv 
inf  <•  s»*n-!rt  ’l.ise  •..hich  l.as  a  ditfcrent  crvst.nl  st ructure  ami  volume. 

•  -i"  at  i on  !c.*  t<<  the  creation,  or  relict  .  of  unbalanced  induce. I  or  residual  stresses, 

t  ross  -  i  ndiirc  !  dimensional  changes  will  t-e  considered  further  in  section  «.  he  occurrence  of 
..‘•■■jo  :i  ensi-u.tl  instability  in  i  model  first  care  to  light  in  ].*'•  airfoil  -ado  fro-  ]  r>- stainless 
■>>•1  i l'.  ’he  .  ;  !  r  uisoni  c  ■  rvngenic  ‘innel  at  '.'--A  T.v-;'.  *  jv»st  -test!  no  op  iin.it  e  r-hpr/ 

:  •.  .  it..  !’  •  c  Jerirtc  <•!  the  aft  ..irt'oil  section  ••  in.  chord  s  ami  a  o.i-  *  in.  bow  . .ver  m  *  in. 

t. •  i?  v  r.  -.h  t  ha*-  the  •  ..iterial  had  been  heat  -treated  t  •>  the  •  l  c..n  Jiti-Ti  in  .  riet  t> 
t-  ’  hit:'-  i  •  act  energy  in  excess  of  the  required  rininum  of  ,>:>  i't-lh.  Table  1  shows  r  anut  act  urer* 

:  >t  s  n  t‘e  re  1  it  ii -rtshi :  1  et  ween  condition,  impact  energy,  tensile  strength  and  contraction  during  the  heat 
■  ....t  .-•.-cl*  .  to  which  we  haw  a  Mod  eo’-.n«?nts  on  the  structure  and  crvocvcle  stahility.  't  can  he  seen 

*  '.at  i  ••].!*  i  1 little  .  out  r  art  i  »*n  is  associated  with  the  .  ,:l'h!  ■  and  l1"1  heat  -  treatments  as  these  do 

dhT  the  irt**nsi  tic  structure  . .  i  the  material .  '.he  1  ll'aip  heat -treatment  is  accompanied  bv  a  reel, 
lamer  »r-.t  fact  ion  -.s  si.-- -e  martensite  is  transformed  to  austenite  and  it  is  the  presence  f>\  this  austenite 
tha?:  rives  the  •  .\t'*ri.il  its  improved  toughness  and  impact  enerr.v.  This  austenite  is.  however,  onlv 
et  istaM*>  md  1-  w  t^'iipr-ituic  cycling.  machining  or  other  forms  of  deformation  trimmer  off  a  partial 

•  r.i;:s.*-'  r.-iticfi  bark  r.>  •  art  ensi  t  o  which  is  acconpanied  hv  a  volume  expansion.  In  an  asymmetric  section  sue! 
as  iv.  lirtoil.  and  where  the  effect  of  marhi nine,  would  l>e  r-ore  pronounced  in  thinner  sections  than  in  the 

f  1 :  i  i  -  • » •  r  marts,  the  v<»lu:  o  changes  show  up  as  war  part*.  1  hef  . 
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he  t  ,  ■  re  r*'d  t.  tri.-i'er  of;  the  austenite  to  martensite  t  ransf  ornat  ion  'an  instantaneous 

oe,*.  I*1  !*;.  n  di ; control  if»-«  ,-r-.wt  h  -.echanis:  is  profjah.lv  provi  ded  by  differential 

•-  f.r::;.  ••i-r  si  ’ ->r--e  t*>  :-eT  sture  era  fient  s  would  encourage  such  transformation,  as 

-  T  :  •  ■  :  ha.nges,  ».:i  !  * !  us  is  is  the  rate  of  cool  i  nr.  *nd  warning  and  the  number  of  cryogenic 

!•••-  bi  *  .'i  .  r\e  hi"  leiT".'  ■  1  t  rmsf  ■•rmat  ion.  rather  than  t  )>e  lenrth  of  tine  held  at  a  particular 

.1  ?  '.wires  secti-ti  woul  I  ilso  e-amrerate  the  pro  Men  as  larr.er  temperature  gradients. 

'•1  :  ’  *•  r  ’  *  er  ,«1  stresses,  are  set  m«-  across  r  hicl'er  sections.  In  the  case  of  the  lr>-rd'!:  airfoil 

’ 1  *  !i  »''  s:  ■  r. :  1  ^  -.ntinuej  over  anv  tens  ••!  rtierr'.al  cvcles.  tlie  incremental  change  be corine. 

•r-\  I  i  s- .  tiler  is  t  ».*•  i'vh!;?  «d  metastable  austenite  t  ransf  omi  nr.  decreased.  As.  however,  the  tour.hness 

b-'  t*-  . .  :t  ••  r' -w.i  ve  i’  in  ste;-  wi^fi  the  austenite  t  ransf  or'  at  ion.  there  was  no  point  in  continuing  to  cvcle 

* 1  **  * "  li- 'onsi- 'nil  stability  ts  its  tour.hness  would  then  I'econe  unacceptably  low.  In  other, 

-ire  -f  wle.  ateri  ils  where  so- -e  lirensional  instability  fias  t»een  created  bv  machininr.-induced  stresses,  it 
:  ;■»  .s-s-i  :■  ^  ‘.-Vi  o\-f.  eJfoctive  llnrcical  and  dimensional  stahilitv  l>e  carrvinr.  out  a  few  crvocvcles 

ri"r  t"  finis*  -.'bininr,  •  r'-vi dim*  that  si r.nif leant  stresses  are  not.  re-introduced  at  this  stap.e. 

K!-\H-K  I'd  AJ  l.i ivs  r^F.b  FoK  MOPKl.  fc«NSTR1!fTT'>N 
hi  -ustrni  t  i  r  'tainl'-ss  reels 
1 .  i  .  I  *  ?  :  ’  ti  <-  s«rios 


The  face -centered  -  cubic  structure  of  the  AI'm  m<»  series  stainless  steels  is  rendered  more  or 
sr.af-lp  it  and  below  roo:*.  te-porature  bv  the  presence  of  austenite  stahi  livers  such  »s  nickel. 

•  aneanese .  carbon  and  nitrogen.  The  nickel  present  in  tvpe  H"  males  it  particularly  stable .  I  -.it  it 

has  the  lowest,  yield  strength  of  the  series.  In  tfie  leaner  r.rades.  particularly  t  >ie  rea  lilv  ivailat  le 

’■  »  an-l  '"  *1  prides,  the  total  concentration  of  austenite  stabili  rinr  elements  mav  not  f.e  fsir.h  enour.ti  t-- 
prevent,  sore  tr  insf  ornat  ion  to  martensite,  with  its  consequent  volume  chance.  This  ohanre  can  be  induced 
thermally  bv  lowering  the  temperature  below  the  Ms  'martensite  start'  temperature,  or  bv  mechanical 
•Ip  r  nrm.ition  at  temperatures  below  the  Md  'martensite  vie  format  ion  ‘  temperature,  which  is  us-cllv  a  lew 
hundred  decrees  nipber  than  the  Ms.  These  temperatures  nav  he  calculated  from  equations  .-en  in  !  ef  .  1.' 
if  the  composition  of  the  allov  is  known,  however,  it  is  onlv  the  hip.h-nit rep.en  versions  -f  the  b<o  scries 
that  ire  likelv  to  be  stronr.  enoup.fi  for  use  for  cryogenic  ^«>dels  and  these  are  some  of  the-  rmst  sta'  le 
•p^J'prs  of  the  series,  of  particular  interest  are  al’ovs  such  as  t  fiat  developed  for  the  f  a  pane  se  Atomic 
:  nerrv  ''.p^parcp  Institute  1  iMid  1  fusion  reactor  program  which  set  a  tarr.et  of  “da  for  the  •*  V  vield 

strength,  t ore t her  with  a  ■*  1  f 'harpy  impact  enerpv  r-f  ]i>"  » ,  A  .’hi'r- 1  V*i -  .  -i\  allov,  V”**  IT",  developed  bv 

hii-T’on  'tool  :  hef.  Tiij  has  achieved  this  *  V  coal  ,v„  i  its  T?  v  vield  strength  of  11  h.  wpa  and  a  >harpv  \ 

onere.v  of  ’  *  make  it  hiphlv  attractive  for  hiphlv  stressed  ervopeni r  wind  tunnel  models, 

"ne  feature  common  to  almost  all  of  the  austenitic  stainless  steels  is  their  ability  to  become 
sensitized  if  them  are  held  for  a  significant  time  in  the  temperature  rany,e  between  vw  and  f  '  IIiht- 
1.'""  i  ).  This  is  due  to  the  precipitation  of  carbides  and  sir.na  phase  at  the  prain  boundaries  and  it  has 
two  particularly  deleterious  effects  on  the  material.  At  room  temperature  the  main  effect  is  to  cause 
•’weld-f'-'cav" .  a  liability  to  inter- r.ranular  corrosion  brought  about  by  the  loss  of  chromium  adjacent  to  the 

era in  boundaries,  "f  more  significance  for  cryogenic  applications  is.  however,  the  serious  loss  of 

toughness  at  liquid  nitrogen  temperatures  due  to  the  ease  with  which  fracture  can  be  nucleated  and 


I 


' 


\ 


:  r-  :-ij  •  .*  t  *»■  i  it:  .  1  i n  tie  prori  pi  t  it*1  la  !«•»  era  in  ’oun  iarios .  "nfortunatolv .  airioil  :  .«>;'«*  Is 

;r»‘  :  re  pmud.  1  v  t  t : .  i  \.  t  i  i  nr  t  p»»rature  ranr.c  alter  post -machi.  nine .  stress -relievin' 

beat -t  rout*  ent  s  at  ’•  •  •  :  ■  >r  durinr  Ira.irir..  hould  sensiti/ation  >ccur  it.  can  bo  renoyo  !  1  • 

reheat  i:u  to  '.""•*  *  and  tlit'n  cm  line  rapidlv  throup.h  the  sonsit  i /inr.  to?  porature  ranr.e.  This  is.  !hiwpv*‘t  . 
'.it  i  cult.  t*-  achieve  with  l.itr.o.  thiol,  sections  in  a  vaouu:  oven.  *ne  common  method  >>i  prevent  inr. 
s.'risi  r  i .  ar  i  ..it  is  to  specif-.-  one  ot  the  "well!  stabilize!"  trades  such  ass  the  titanium  hearing.  A.ISi  -r 

rlio  niobium  heart nr  tvpo  *•».'.  "hose  addit iona  1  elements  are  stronr,  carbide-formers  an!  they  react  with 
:  re.-.  I'.trhon  to  prevent  chromium  .lepletion.  An  alternative  approach  favoured  tor  root;- temperature 
\\  :  1  i cat  ions  is  to  sped  iv  a  low-rarhon  rrade  such  as  *>r  MM.,  hut  as  carhon  is  an  austenite 

:-.t  ihi  li.-.er  these  allovs  are  loss  stable  at  crvop.enic  temperatures.  Jt  is  also  worth  not inr  that  type  '!• 
his  i  tetter  corrosion-resistance,  especially  in  ratine  atmospheres .  due  to  its  f  molybdenum  content. 

h!.  !  e-|'r~,;i-*,n-.*:  Allovs 

tronr.ths  hir.her  than  those  ot  the  .bin  series  can  he  obtained  in*:-,  these  steels  is  their 
increase  !  aru'aneso  content  raises  the  nitrogen  solubility  limit. .  ne  particular  material  ir.  this  series . 
’.itronic  a  .'l''r-»'\'i-'i*'n-,,.uh'  alloy,  was  chosen  for  the  construction  or  t he  fatin' irv^er  !  "odd  f.-r  tin. 

’  arid  a  ’  '  inensional  airfoil  manufactured  bv  hcbonell -‘•ourlas  f<*r  the  '•  \:  A  !.a!  •  .<>:  .e  pn-Mo-  s 

wore  encunt  erel  'lue  to  r.rain  boundary  sensiti -ation  created  durinr  fabrication,  hut  in  the  .a  i  r t -  i  1 

rho«je  were  removed  bv  heat  i  nr.  to  loon  f  and  then  -juenchi  nr.  into  li  :uid  nitroren  to  achieve  a  controlle:  \ 

- : : :  i  t  *  >  r  *  ..■■•olinr  rate.  Although  the  material  was  supposed  to  he  luid  austenitic  it  was  found  to  contain 

t  *  :  low  delta  lorritc,  a  body- cent ered-cubic  phase  of  lower  tour.hncss  than  the  parent  met.il.  ct  odial 
t  treatments  were  unable  to  remove  this  stable  delta  ferrite  and  caused  unacceptable  p.rairi  i-.rowrh.  .  e:  . 
"owever.  fracture  tour.hness  tests  r.avc  very  hir.h  values  at  77  I  and,  as  the  delta  ferrite  was  llirno.! 
sh  ni-  the  ndlini'  r-.is  and  the  span  of  the  model  wine,  was  also  in  this  direction,  it  was  felt  that  the 
:  racturo  toughness  would  be  adeiuate  to  ensure  safe  operation  in  the  '-itronic  -a*  can  he  machine! 

•-vine  convent  1  t  echni  pies  hut  care  has  to  he  taken  to  ensure  rood  coo  l  inr,  as  the  material  work  hardens 
••  isilv  hi!  tools  can  rapidlv  loose  tlieir  cut  t  inr.  ed>*e .  .Availability  of  the  material  in  t.lie  tor:  oj  -  .ars 
ml  rial's  it  t  he  required  sire  can  -also  be  a  problem  which  seems  to  be  r.cttinr.  more  severe. 

t.  her  hic.h  r  .anr.anese-hir.h  nitrop.en  allovs  such  as  ’.itronic  M  ■!  vfr-  r.'i- 1  t'ln-  .  ? 1 .  hitroniv  > 
••  x  •  c;\ .  .”.v- ,  1  /  .  ,  nnd  carpenter  1  *--l>-  plus  •  l -i'r-1  -’’.n-lVo-li'u-l ' ; i  - « » .  V: '  are  r.enerallv  consid.ere  i  to 

h-'iv.'  t  our.hn<>s«e<t  r«>o  low  for  sate  cryogenic  operation.  In  ♦■he  AI  ;1  2 •  »  series  of  steels  the  hi r.h-mnnranoso 
."ont ent  s  re  use  ]  primarilv  to  increase  nitror.cn  solubility  and  hence  strength.  The  earlier  allovs  :.a  ;  po-  r 

induro  tou-hness  it  crvor.enie  temperatures,  but  r.ore  recently  a  modified  Al  <1  2'  *r*  steel,  nominal  o.-.pof  - 

itior.  ’.  "n-  - 1  *  i'r-" . >•.22'.'..  has  been  shown  by  1  f.awa  .and  "orris  'fef.  1 7  »  to  r.ive  vield  strength? 

’  11  *tpa  a  tv!  harpv  impact  oncr/’ies  of  «•]  i  in  the  as- rolled  condition  at  77  J* .  however,  these  allovs  ire 

not  vet  easv  to  obtain,  particularly  in  the  product  forms  likely  to  be  needed  for  model  construction. 


\I.<  A>V 

"his  precipitation  hardened  stainless  steel  has  become  one  of  the  stato-of -the-art  -i.it  oriels  inr 
the  construction  of  models  for  crvor.enic  wind  tunnels  and  it  has  been  used  f.*r  a  variety  of  an<!  i  1 
■  *’ dels  in  the  "A’>A  !  afh  u,  1-n  'ITT  with  considerable  success.  A screws  are  fro  piont  lv  used  to  fasten 
t:  *  .ret  her  smaller  components  and  in  the  following  ivaper  br.  V*'»uni’.  will  discuss  '-V-A  !.a:  i  ••••’.perience  wit!: 
their  use  and  the  various  lockinr,  systems  that  have  been  evaluated  t<-  prevent  tlie-  irov  unsrrewinr  mv'mr 
ier- 'dynamic  loading,  or  crvoc.enic  tenperature  cycling.  The  alloy  w;:s  eonsi -Jcrcd  stronr.  etvnrh  for  use 
in  ‘attainder  1  is  its  yield  stress  at  77  V  is  only  about  -  V-  *':a.  !*u»  ••.or*-  rec«nt  l"  5 1  has  ;  «♦»;.  use)  ;  ,.r 
t  he  fabrication  **f  a  model  of  the  space  shuttle  to  be  teste  1  in  the  h:  <  .  ’  t  s  ina  1  C'"  posi  t  i  .>n  is:  'e 
’"'hi  1  *■- r  .  J  !  i  •  1  .  i‘!n- 1. .  .-'Mo-i'.  <V-u.  rr;i  and  it  is  the  titaniur  .  van:*.  !i*r  an-'.  ■. In*  iniu:  i  !  lit  inns  that 

;  r*'ii  pi  tat  ion  harden  the  material  durinr  heat -treatment .  The  r.aterial  is  full-,  st  ].•  ..irh  p's:  ert.  to 
a  rfensi  t  i  c  r  ransfor’ at  i  in  both  durinr.  ervoeve  1  i nr  and  le for:  at  i  .n  .-r"  'r.c-.i  ••  io-  iTibip's.  ni  nr  i  s 

r.itlier  dilticult  due  t*>  the  ten«lencv  of  the  material  to  w<»r;  -l.arden  r-.-.i  !!••  >i. !  *  •  . !.  ••••r  rtn  1  <*  e-emss  j  \  e . 
:  urt  her’ .ore  the  stu  lies  of  stress- induced  dimensional  chances  t..  >  o  !i  c, *  ; ;  se.  ♦  •  r  .h.n-e  wn  that 
1-iroe  .sun  ice  stresses  are  produced  even  durinr.  rouc.b  -ar.hi  n!  n-* .  ’*  :  «  r*‘I  \  •  *'siv<  -it.  *'ri  .*.1  m  ! 

r  h''r>'  a.  re  als"  often  difficulties  in  obtaininr,  it  in  th.e  r*'  !  :i  :  •. ;  1  •  •  r  ho 

i-.insi  {era Me  •!$'>  ■/'  the  •  ateri.il  for  strategic,  hi.*h-te*  :  era*  ur*-  .  :  Is  ••  *  :  . 

"artensitir  in*l  emi  Austenitic  t  unless  ■ -ten is 

< . .’ .  \  '. I  *  T  ’■* "  •  Series 

'•mom*,  this  class  of  material  are  a  number  "i  ’ -»t“r:  *  i  •  •*  *  .  *  ?.  ‘  .  -ml 

5  :  stories  in  the  fabrication  of  node  Is  for  use  in  ambient  .(r,  :  1  :  ■  r  *  .*■  .■  •  *m  •  h,e  *,  t  he;  t 

•*ase  of  fabrication  and  ibilitv  to  hold  a  hir.h  ;u.alitv  surface  t  i  i ;  i  j  *  1  •  ••  ■  •  ;  i  r  :  t  *,.» 

.iterlals  were  used  in  the  f ul lv-hardened  condition  !»ut  it  was  r*’*  a-.*.;  ••  •  *.-•  m  •  !;mm  vi-ul  : 

'  e  r..,»  !-rittle  for  ervoi-enic  i;<pli  cations.  The  :,1  I '•••*:  heat  -  tre  «t*  ent  *  1  •- r- • :  r-  ....  -  *•  •  r  \  :-,r  i 

harpv  i*iact.  enprr,v  up  to  the  re  ;uired  minimum  ot  .*'»ft-lb,  tut.  is  note  !  •  -.rl  :a.  mis  li  •  ms  i  1 

«  nstabi  1  i  tv  in  a  I  *  »!  •’  airfoil  when  the  not  a  stable  austenite  rc-transl  <»r- I  t  *  i  r  *  •  ■  n  v  a  *  *  luriin'. 
crvorvrl  i  nr .  -i’ilar  proble- s  have  been  found,  <  *r  can  reasonably  be  pype.-t  e  t .  t.  *  a  it;.  ,  '  .  . 
hT:  ,  ■  -istn*  *■••  r,o,  ■'.’M'.'i.  ;  ”1 A  7*'o  and  i  ,:.l  »-s*!i»  and  these  materials  ire  n***  re  •*  •*•  •  »'n  *•’’  ■  :  t 

CTv  'I'enic  use. 
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The  picture  is.  however,  si  ir.htlv  different,  for  :’!'l  *-'<*!o.  I  ror  a  co*  pari  s>>n  m  t'e  r -rt  i* -n 
rates  that  occur  durinp  the  various  heat-treatments  shown  in  Table  2  *  ’:pf ,  tor  ‘■"t  -"o  wit  h  t  hose 
previ /iiislv  riven  for  r>-'«:r  in  Table  l,  it  is  clear  tfiat  austenite  is  retorted  durinr  the  hii*hor 
te-  rerat  ure  heat  treatments.  ft  would,  however,  appear  that  this  austenite  \  s  stable  than  that  J  <>r:  e  1 

in  the  otfier  allovs  in  this  series,  •  «rrv  and  'asper  lef.  Ill  comment  as  follows: 

’•  f  t  e  r  '*  heat -treatment  at  the  lowest  areinr  temperature,  in  this  case  i--'  •  ■  o  1  ■  1  •,  the 

-i  erostrurture  is  essential  lv  eo-piotelv  "art  ensi  t  i  c .  As  the  ar.inr,  tonporature  increases,  so  )o».s  the 


f 


amount  of  reformed  austenite.  The  Ml?  '»i >V  condition  'the  softest  for  these  steel  s1  Isas  a  rather  rn*  ;  le 
miorost  met  ure.  1 'eating  to  7im  <’  (  I-mui  j>  results  in  nuch  of  the  martensite  going  into  solution  it  i  hat 
temperature.  '  pon  cooling  to  room  ter;|  erature .  some  ot  the  austenite  is  transl nrr.e  1  into  rint«-  yrr*-  ! 
martensite.  The  rest  of  the  austenite  renal  ns  as  austenite  and  the  balance  is  birhlv  nvero-ed  ■■  artensit  . 
The  !‘>  ageing  then  ae.es  the  martensite  that  was  formed  as  a  result  of  coniine  !  ro  .  .  , 

IM  together  with  sone  additional  reforned  austenite.  Therefore,  the  final  m.icrost picture  consists  of 
highly  overap.ed  martensite,  normal  overaped  martensite  and  reformed  martensite  which  is  comp- let  el  v 
thermally  stable  (authors  underlining  1 .  This  results  in  a  heat-treated  stainless  steel  with  reasona*. lv 
good  impact  strength  at  temperatures  as  low  as  77  F  (-1.?i*  I'M" 
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In  the  PI  ISOM  condition  TP.l.l-^Mo  has  a  yield  strength  of  liHin  Vl'a  at  77  K  and  fharpv  V  impact 
energies  between  I  (ln-nO  ft-lM  depending  on  the  source  of  the  data.  It  is  therefore  comparable  to 

Nitronic  -»0  in  its  properties  and  its  structure  has  been  considered  in  so  much  detail  because  it  has  been 
used  for  the  construction  of  the  solid  wing  for  Pathfinder  1  and  the  half-scale  Pathfinder  1  model. 
Nevertheless  there  have  been  indications  that,  although  the  "complete  thermal  stability”  referred  to  above 
nav  be  true  in  the  context  of  conventional  applications,  the  very  high  dimensional  stability  demanded  of 
models  fot  cryogenic  wind  tunnels  might  not  be  net  by  PPlV^Mo  in  the  H1150M  condition.  It  was  possible 
that  deformation  induced  durinp,  machining  mip.ht  trip.p.er  off  further  transformation  of  austenite  to 
martensite  that  could,  in  turn,  create  dimensional  instability  on  cycling  to  cryogenic  temperatures .  The 
material  was.  therefore  one  of  the  first  studied  in  the  stepped  specimen  propram  to  be  described  in  section 
Some  evidence  was,  indeed,  found  for  dimensional  chanp.es  after  3  crvocycles  into  liquid  nitropen.  hut 
no  further  movement  occurred  as  a  result  of  further  cryocvcles.  suggesting  that  the  structure  of  the 
material  had  stabilized  durinp,  the  initial  cryocvcles.  Fxperiencc  with  the  two  model  parts  made  for  the 
NTF  gives  further  confidence  for  the  continued  use  of  nil  3-*Mo  for  crvopenic  models,  as  both  proved  to  be 
completely  stable.  both  had  been  thermally  cycled  to  liquid  nitropen  temperature  at  the  semi-finished 
nachininp  stap.e  to  allow  transformation  of  anv  unstable  austenite  and  it  would  appear  that  final  finishing 
did  not  further  destabilize  the  structure.  (Kefs.  27  f,  ?R). 

3.3  1«  Nickel  Maraging  Steels 

Although  they  do  not  have  the  favoured  austenitic  structure,  this  fanilv  of  hip.h-strenpt h  steels 
are  strengthened  by  precipitation  hardeninp,  of  the  soft,  low-carbon  martensite  to  form,  a  stable 
micro st ructure  which  is  not  adversely  affected  by  thermal  cycling  to  crvopenic  temperatures.  Furthermore 
they  are  readily  machined  in  the  annealed  condition  and  there  is  very  little  dimensional  chanpe  durinp  the 
sinple  step  ap.einp,  heat-treatnent  which  takes  place  at  the  relatively  low  temperature  of  4*1'  C  Mmjo  I'M 
The  hipher  strength  members  of  the  family  have  unacceptably  low  toup.hnesses  for  most  crvopenic 
applications,  but  the  lower  strength  200  and  250  grades,  are  toup.h  enoup.h  to  find  application  in  many  hiph 
load-bearinp  applications  in  crvopenic  wind  tunnels.  For  example,  the  250  grade  is  used  for  the 
construction  of  stinps.  while  the  200  p,rade  is  the  most  widely  used  material  for  constructing  models  for 
the  NTF.  At  least  eight  models,  or  substantial  parts  thereof,  have  been  constructed  or  are  still  under 
fabrication  at  present.  The  200  grade  has  a  nominal  composition  (  Fe.-17  /  l‘>  Ni,~3  /  5,2  fo.-0.15  /  2.o 
Tt.-o.o5  /  0.2  Al.-  0.03  C,-  0.10  \'n .  -  O.02P).  Its  yield  strength  is  l^bo  >»pa  at  77  F  and  it  has  a 

fharpv  V  notch  impact  strength  in  the  region  of  25-50  3  (1H-37  ft-lb?  depending,  on  the  product  form.  The 
increasing  difficulty  of  obtaining  reliable  supplies  of  cobalt  have  let  the  na >or  *S  supplier  of  1-  Nickel 
naraging  steel  to  introduce  a  series  of  cobalt-free  alloys  and  the  2o»>  grade  is  currently  under  active 
evaluation  for  possible  use  in  the  fabrication  of  cryogenic  wind  tunnel  models.  FKef.  M'M 

As  noted  earlier  the  low-temperature  toughness,  as  indicated  by  the  fharpv  V  notch  impact  energy 
at  77  Y  can  fall  below  the  25  ft-lb  minimum  required  for  NT Y  operation  in  some  product  forms.  The  grain- 
refinement  program  referred  to  in  section  2.1  has  shown  that  significant  increases  can  be  obtained  in  the 
toughness  at  77  K.  The  grain-  ref  ini  np,  process  consists  of  multiple  heating  and  cooling  cvcles  between  the 
austenite  and  the  dual-phase  austenite  ■»  ferrite  region,  followed  by  rapid  cooling  to  reduce  the  grain 
s  i  ze . 


l.h  Ferritic,  Quenched  and  Tempered,  and  Grain-Ref ined  steels 

In  lecture  2.  it  was  noted  that  the  Nickel  steels  are  the  only  ferritic  alloys  considered 
suitable  for  use  at  77  K  and  the  main  drive  shaft  for  the  NTF  fan  is  made  from  a  special  grade  of  this 
alloy.  The  material  has  also  been  considered  for  use  in  model  construction,  but  the  more  recently 
developed  12  Nickel  alloy  looks  more  promising.  Furthermore,  as  both  c*'  and  12*-Ni  steels  undergo  a  ferrite 
to  austenite  phase  change  they  are  therefore  capable  of  grain-refinement  by  multi-stage  heat -treat ment . 

M 'Ml  0  Nickel  steels 

Two  grades  of  o  Nickel  steel  are  readily  available:  the  double  normalized  and  tempered  A  35?  and 
the  quenched  and  tempered  A  55  3  which  has  a  slightly  better  toughness  and  about  a  1<M  higher  strength  than 
the  double  normalized  grade.  Poth  grades  are  relatively  easy  to  obtain,  readily  machined  and  welded,  but 
there  is  no  matching  filler  and  austenitic  nickel-based  fillers  have  to  be  employed  to  give  adequate 
strength.  Unfortunately ,  this  leads  to  a  miss-match  in  the  expansion  coefficients  and  potential  problems 
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with  thermal  fatigue  and  stability.  Furthermore,  the  Nickel  steels  are  not  very  corrosion  resistant  and 
suitable  coatings  would  need  to  be  applied  to  protect  the  surface  of  a  model. 

3.4.2  12  Nickel  Steels 

Initial  work  by  Stephens  and  Wit/ke  (Ref.  .’1)  at  NASA  Lewis  Research  Center  has  recently  been 
extended  by  Hush  (Ref.  31)  at  NASA  Langley  Research  Center.  Two  alloy  compositions,  Fe-12  Ni-u.5  A1  and 
Fe-12  Ni-l).25  Ti.  have  been  selected  tor  further  development  and  this  will  be  discussed  in  detail  by  hr. 
Voting.  Suffice  it  to  say  that,  if  the  results  of  the  experimental  heats  are  reproduced  in  the  larger 
production  melts,  these  alloys  appear  to  offer  considerable  potential  for  use  in  cryogenic  models.  The 
initial  data  on  strength  and  toughness  of  both  alloys  at  77  K  has  been  included  in  lip.  2  and  it  can  be 
seen  than  the  12  Ni-Al  alloy  in  particular  has  a  combination  of  strength  and  toughness  which  places  it 
al>ove  the  upper  trend  line  for  current  materials. 

3.4.3  t.iuenched  and  Tempered  Steels 

The  quenched  and  tenpered  MNi-4Co  steels,  particularly  HP  ‘*-4-2n,  have  been  used  for  2 
hinensional  models  with  sone  success.  They  have  also  been  included  in  the  grain  refinement  program  and 
significant  improvement  in  toughness  at  77  K  has  been  achieved.  However,  there  are  reservations  about  its 
dimensional  stability  and  its  relatively  poor  corrosion  resistance  limits  its  potential  usefulness. 

3.5  Aluminium  Alloys 

Aluminium  alloys  may  be  divided  into  two  groups  according  to  their  basic  metallurgical 
strengthening  mechanisms:  Tl]  the  solution-hardened  alloys  which  are  very  ductile  but  only  of  moderate 
strength  unless  cold-worked,  and  12]  the  stronger,  heat-treatahle .  precipitation-hardened  alloys.  Type 
TuAl  is  probably  the  most  widely  used  of  the  solution  hardened  alloys,  due  in  part  to  its  excellent 
weldability.  Fven  in  the  as-welded  condition  its  full  strength  is  retained,  thus  giving  it  an  advantage 
over  the  nominally  stronger  heat-treatable  alloys  if  post-weld  heat-treatment  is  not  possible.  For 
example,  alloy  f.oM  in  the  solution-treated-and-artificiallv  aged  T6  condition  is  stronger  than  Chat  of 
5um3,  but  as-welded  its  strength  drops  below  that  of  as-welded  5083.  A  series  of  six  solids  of  revolution 
having  the  sane  size  and  shape  as  model  bodies  to  be  tested  in  the  NTK  have  been  made  out  of  alloy  bool  in 
the  To  condition.  Of  the  other  heat-treatable  alloys,  the  aluminium-copper  2014  and  2219  have  been  used  in 
a  number  of  aerospace  cryogenic  applications  where  their  high  strength  to  weight  ratio  is  advantageous. 

The  toughness  of  the  very  high  strength  7000  series  alloys  is,  however,  too  low  for  most  cryogenic 
purposes . 


A  number  of  cryogenic  wind  tunnel  models,  or  parts  thereof,  have  been  built  from  aluminium  alloys 
and  operated  successfully.  However,  their  elastic  modulii  and  strengths  are  generally  too  low  for  their 
use  in  the  more  heavi ly- loaded  components  such  as  airfoils  in  pressurised  tunnels  such  as  the  NTF. 
Complications  can  also  arise  when  aluminium  and  steel  components  are  mixed  in  the  same  model,  as  the  two 
materials  have  significantly  different  coefficients  of  thermal  expansion.  Nevertheless,  aluminium  alloys 
are  easy  to  machine  and  readily  weldable,  although  brazing  and  soldering  are  not  easily  carried  out  in 
node!  fabrication.  The  surfaces  of  models  also  need  sone  fom  of  protection  to  prevent  them  from  being 
scratched . 

3.8  Titanium  Alloys 

Two  titanium  alloy  have  been  used  for  cryogenic  components,  particularly  in  aerospace 
applications  where  their  high  strength  to  weight  ratio  is  a  distinct  advantage.  The  Ti- 5A1- 2 . 5Sn  alloy  has 
a  stable  h.c.p.  structure  and  can  be  used  down  to  77  K,  whereas  the  Ti-hAl-4V  alloy  has  a  duplex  h.c.p.  / 
R.c.c,  structure  and  is  not  used  below  77  K  because  of  excessive  notch  brittleness.  For  cryogenic  use  the 
special  FI. I  (Fxtra  Low  Interstitial)  grades  have  to  he  specified  because  the  toughness  of  titanium  is 
severely  degraded  by  too  many  interstitial  elements.  As  these  include  carbon,  nitrogen,  oxygen  and 
hydrogen,  great  care  has  to  be  taken  during  fabrication,  particularly  welding,  to  prevent  their  pick-up. 
Furthermore,  titanium  alloys  are  not  easy  to  machine,  they  are  relatively  expensive  and  for  these  reasons 
few.  if  any,  models  for  cryogenic  wind  tunnels  have  yet  been  made  in  titanium  alloys. 

3.7  Nickel  Rased  Alloys 

All  nickel-based  alloys  have  the  austenitic  structure  that  makes  them  suitable  for  cryogenic 
applications,  hut  relatively  few  have,  as  yet,  been  used  for  model  construct  ion.  This  is  most  probably  due 
to  a  combination  of  their  relatively  high  cost,  poor  availability  and  the  considerable  difficulties 
experiences  in  machining  the  high  strength  alloys  such  as  the  Inconels  using  conventional  machining 
techniques.  However,  advances  in  chemical  milling,  electrical  discharge  machining,  electron  bean  welding 
and  other  modern  technologies  have  reopened  the  question  of  their  possible  application  for  model  building. 
Nickel  coatings  have  been  used  to  rework  model  surfaces  that  have  been  undercut  during  machining  or  damaged 
in  service,  electroless  nickel  being  used  where  hard  finishes  are  required  while  electrolytic  nickel  is 
preferred  if  high  ductility  is  needed.  Nickel-copper  alloys,  Monels,  have  excellent  corrosion  resistance 
and  have  been  used  for  cryogenic  applications,  but  they  do  not  posses  any  outstanding  advantages  that  make 
them  attractive  for  model  building.  The  most  promising  alloys  are  the  nickel-chromium  Inconels.  in 
particular  the  precipitation-hardened  types  718  and  X750.  Inconel  718  has  the  higher  yield  strength,  1172 
MPa  at  30(1  K  and  1342  MPa  at  77  K.  while  X750  has  a  slightly  lower  strength  but  higher  toup.hness. 

3. A  Popper  Rased  Alloys 

Popper  hased  alloys  have  limited  applications  for  cryogenic  models  and  are  used  in  those 
applications  that  make  use  of  their  good  thermal  and  electrical  conductivities,  their  availability,  or  the 
ease  with  which  components  can  be  machined  and  ioined.  Commercially  pure  copper  is  used  for  electrical 
conductors  and  is  readily  available.  Copper-zinc  alloys,  such  as  the  70Cu-30Zn  alpha  brasses  and  the 
bronzes,  particularly  phosphor,  silicon  and  aluminium  bronzes,  tend  to  be  used  for  small,  light ly-loaded 
components  that  are  easily  machined  from  available  product  forms.  Brasses  are  readily  soldered  or  brazed, 


a  1 t  honr.k  the  t o:~po  natures  involved  in  most  bra-ing  <tj.or.it i«ms  wml-i  anneal  anv  cold-worked  nateri .1 1 .  ft 
is.  however,  the  precipitation-hardened  bervlliir  onppe rs  rh.it  are  possillv  ol  most  interest  for  model 
construction.  "ho  relatively  snail  amount  of  bervilium  noo.tr-!  t'>  form.  the  preci  pi tates  that  allow  the  room, 
to:  perature  vieltl  strengths  to  roach  l1'1  ‘M'a  in  the  f  ul  1  v -bar  Jened  condition  do  not  excessively  do  era  to 
the  high  thermal  conduct  ivi  tv  of  pure  copper,  J-ervlliur  copper  is  part  i  rularl  useful  in  those 
circirstances  where  pood  t  hemal  conduct  ivi  tv  is  needed  to  m.inimime  cool  down  t  i  no  or  ter.perature  gradients 
mi  it  is  often  used  to  form  high-conduct  i  vitv  inserts  to  take  heat  away  iron  particularly  critical 
regions.  The  main  drawback  of  the  material  lies  in  its  very  low  toughness  at  crvopenic  temperatures  in  the 
fullv  hardened  condition.  Nevertheless  a  ■  bervlliun  copper  airfoil  has  been  male  hv  the  hnuplns  •'o:\panv 
and  tested  successfully  in  the  i*.  3-n  T*"’  at  NASA  I  mm',  i.of .  1  O 

..  STRI’SS-INHUCKD  DIMKNSIONAI.  CHANG FS  IN  MFTAI.IJC  Al.l4>VS 

».l  Induced  Stresses  and  their  effect  on  binensional  Stability 

stress- induced  defomation  can  produce  dimensional  ciianp.es  of  runny  thousandths  of  an  inch  on 
tvpical  airfoil  nodel  sections.  These  stress  svstens  can  lie  of  consideral  le  magnitude  and  can  originate 
f  ro:,  one  or  more  of  the  following  neciiani sr<s: 

-  unbalanced  residual  conpressive  and  tensile  stresses  set-up  durinp  tiie  oripinal  fabrication. 
;uench-induced  stresses  penerated  on  coolinp  from  hiph  ter.perature  heat -treatments, 

-  conpressive  or  tensile  surface  stresses  induced  by  nachininp.  These  can  be  elastic  or  plastic 
depend i nr  on  the  depree  of  deformation  created  durinp.  mechanical  workinp  of  the  material  and 
thev  can  cause  phase  transformations  in  the  surface  layers, 

-  stresses  created  by  temperature  pradients,  particularly  across  uneven  sections. 

Manv  different  conf ipurations  were  used  in  the  initial  investigations,  including  fully  profiled 
airfoils  and  wedpe  shaped  specimens  with  thin,  tapered  trailing  edpes  representat ive  of  typical  airfoil 
models .  However,  in  view  of  the  larpe  number  of  possible  conbinat ions  of  material,  nachininp  technique, 
heat -treatment  and  other  fabrication  processes,  a  simplified,  vet  representative,  stopped  specimen 
conf  i  pur  at  ion  was  adopted  bv  NASA  LaRC  to  allow  these  effects  to  be  identifier!  separated  and  quantified. 

.* .  2  The  stepped  Specimen  Prop, ram 

'*.1.1.  Specimen  Configuration 

The  conf ip.urat ion  used  for  the  first  is  specimens  of  lRNi  200  grade  naraging  steel.  A2bn  and 
PHH-s  Mo  stainless  steel  is  illustrated  in  Fig  3fa).  (Ref.  2g)  by  limiting  the  maximum  thickness  to  i 2 
mm,  it  was  possible  to  fabricate  specimens  from  readily  available  1/2  inch  plate  and  the  choice  of  < U  nr. 
width  and  (■«)  mn  lenpth  minimized  the  amount  of  material  required.  In  its  final  form  the  specimen  has  five 
steps  of  lenpth  12  mn  and  thickness  12.  ft,  3,  1 .  r>  and  o.7r»  nn.  the  thinnest  pivinp  the  most  sensitive 
repion  for  observing  the  effects  of  fine  finishing  cuts.  The  flat  underside  of  the  specinen  provides  a 
firm  support  for  nachininp,  operations  carried  out  on  the  top  surface.  It  also  acted  as  the  reference 
surface  for  subsequent  validation  measurements  when  the  specimens  were  inverted  and  supported  at  the  three 
points  marked  with  o  symbols  in  Fip,.  3(a).  However,  interpretation  of  the  deflections  of  the  reference 
surface  were  complicated  by  the  fact  that  the  3rd  support  point  lay  within  the  machined  repion.  For  the 
latest  series  of  specimens  the  conf  ip.urat  ion  was,  therefore,  modified  to  increase  t  lie  lenp,th  to  120  nn.  as 
indicated  by  the  dashed  lines  in  Fip,.  3  '  1).  and  allow  the  three  support  points  narked  with  symbols  to 
be  contained  within  the  unnachined  repion.  (kef.  2S) 
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Figures  ?fa)  and  (b).  Configurations  of  Original  and  Modified  Stepped  Specimens 


I 


Figures  6  (a),  top  left.  (h),  bottom  left,  and  (c),  right.  Machining- Induced  Deformation  in  A2R6 


''*.1.2.  Initial  Results  and  their  Interpretation 

Many  different  operations  were  carried  out  sequentially  on  each  specimen  in  order  to  pat her  as 
much  information  as  rapidly  as  possible.  Milling  with  ball-ended  cutters  was  used  to  reproduce  the  type  of 
stresses  induced  during  initial  shaping  on  multi-axis  CNC  machines,  with  grinding  used  to  represent  the 
finishing  stages.  Feed  rates,  thickness  of  each  cut  and  other  machining  details  for  each  material  were 
specified  to  be  as  used  in  actual  model  fabrication.  For  the  proof -of -concept  specimen  made  from  1#  nickel 
200  grade  maraging  steel,  continuous  measurements  of  the  machining-induced  deflection  were  made  along  the 
three  lines  A-H,  T-P  and  Q-X  shown  in  Fig.  3  (b).  After  milling  the  reference  surface  was  found  to  have  an 
upward  deflection,  indicating  that  compressive  stresses  were  created  by  milling  the  opposite  face.  Fy 
treating  the  specimen  as  a  cantilevered  bean,  it  was  possible  to  calculate  the  magnitude  of  these 
compressive  surface  stresses.  These  were  found  to  increase  from  36  to  62  MPa.  (5  to  i  ksi)  over  the  6 
milling  cuts,  each  of  depth  375  microns  (0.015  in.),  used  to  reduce  the  thickness  from  3  to  1.5  nn. 
Subsequently,  17  similar  specimens  of  A2R6,  PHl3-«Mo  and  2no  grade  maraging  steel  were  put  through  a 
similar  machining  sequence.  Fight  readings  were  taken  along  each  of  the  three  lines  A-H.I-P  and  Q-X  to 
give  a  total  of  26  data  points.  (Kef.  27). 

The  effect  of  of  the  different  machining  operations  was  followed  by  joining  these  points  to 
reconstruct  the  appropriate  reference  surfaces  as  shown  in  Fig  a  (a)  to  (c)  for  an  A2R6  specimen.  The 
surfaces  shown  are:  (a)  after  milling  the  6  and  3  mm  steps,  (b)  after  milling  the  1 . 5  nn  step  and  after 
cryocvcling,  (c)  after  cryocycling,  after  grinding  the  1.00  mm  step  and  after  grinding  the  0.75  nn  step. 

The  reproducibility  of  the  shape  of  the  surfaces  before  and  after  cryocycling  in  Fig.  a  (b)  is  an 
impressive  confirmation  of  the  excellent  dinensional  stability  of  A2R6  at  cryogenic  temperatures. 

6.1.3.  Subsequent  use  of  the  Modified  Specimen  Configuration 

The  dip  in  the  reference  surfaces  below  the 
original  reference  plane  in  Figs.  6  is  a 
consequence  of  the  location  of  the  third 
support  point  in  the  machined  area  of  the 
specimen.  As  noted  earlier  the  modified 
specimen  configuration  avoided  this  problem 
and  allowed  easier  interpretation  of  the 
surface  deflections.  Improvement  in  the 
measuring  technique  also  allowed  over  360 
data  points  to  he  gathered  along  each  of 
the  three  lines  1  to  II,  3  to  F  and  5  to  X. 
thus  effectively  creating  continuous 
traces.  This  increased  precision  allowed 
dimensional  stability  during  cryocycling  to 
be  studied  in  more  detail.  Fig  5  shows  how 
a  specimen  of  Pffl3-#Mo  moves  during  initial 
cryocycling,  but  then  remains  completely 
stable  during  subsequent  cryocycles.  This 
characteristic  is  exploited  in  practice  by 
cryocycling  models  before  finish  machining 
to  allow  any  necessary  relaxation  or  phase 
transformation  to  take  place  before  the 
model  enters  service.  (Ref.  2R) 


Figure  5.  Machining- Induced  Deformation  in  a  Ffl  13-HMo 
Specimen  with  the  Modified  Configuration. 
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The  verv  large  deflections  displayed  after  nachininr  the  thicker  steps  indicate  that  1 1 re¬ 
surface  stresses  are  created  by  work-hnrdeninp  during  milling  and  grinding.  a  con t  i  rf  .it  i  n  *>t  wcr- sr.iq 
experience  that  the  material  is  difficult  to  machine.  The  common  practice  m  machining  *»jposite  :  ices 
alternately  does,  however,  tend  to  balance  the  surface  stresses  created  ^>n  ouch  side  and  Thus  -rev-nt 
large  deflections  occurring  on  an  actual  model.  .'he  shapes  of  the  sort  1  es  in  if.  *  in-!i  .-.i»  •-  that 
grinding  sets  up  tensile  surface  stresses,  is  the  sir.n  "J  the  detlecti  >ns  created.  luring  •  illm.-  was 
reversed  hv  grinding. 

It  would,  therefore,  appear  that  if  warpap.e  occurs  durinp.  roup.h  nachininr  of  ,  for  example.  a  .*  r  ‘ 
airfoil,  and  if  at  least  one  surface  is  still  over-si/e,  dimensional  fidelity  could  he  restored  hv  milling 
or  grinding  that  surface  to  induce  an  appropriate  ha  lane  i  nr.  compressive  or  tensile  surface  stress. 

».!.•».  future  i'rop.ra  : 

!t  is  envisap.ed  that  the  next  phase  ■  !  the  pt**grar  will  involv**  turthei  i  ri  :e;th  study  the 
materials  most  likelv  to  he  use*!  t<>r  the  fabrication  «>!  orvoreni*-  wind  t  untie  1  r ..  •  v  1  s .  *  articularl  v  the  .' 
p.rade  muraging  steels.  >epumto  specimens  will  !e  used  •  ejsure  the  stresses  .-re.it  ef  in  different 
nachininr  uperat  ions  surf:  is  -illinr.  .-rinding.  l.ipvini-  ml  f..*.ri-J  f  i  ni  sl.i  n»- .  as  well  ts  the  pose  !1 
stress- free  techniques  such  as  5  and  chemical  i  1 1  i r . . •  -  tress-relieving  hoar  -t  rent  er-.r  wcies  •.<- 1 1  il-; 
he  investigated  to  deterrino  tfieir  ability  tc  remove  machining  -  induced  !e:  ■rvat  i«.n.  rale  effects  will  Ip 
studied  usinp  larp.er  size  !  specimens.  and  stress -balancing  i  nvesti pared  hv  level***  irip.  techni  :uos  : 
validatinp.  specimens  machine*!  n  both  sides,  i  et  . 

r>.  .roiNING  TFCHNIOI'FS  Fop  MFTAi.S 

Attainment  of  the  optimum  mechanical  properties  *<f  materials  at  erv  g«-ni c  te-peratures  re.uires 
careful  control  of  tfieir  nicrostructure .  In  particular,  the  desirable  imr  'inat  i*»n  o  high  strenrth 
and  adequate  toughness  is  onlv  attainable  if  the  .’rain  si/e  can  be  kept  small  ml  t.he  prair.  h*»*m  l.iri  es 
free  from  degradation  hv  sensitisation.  Anv  :oininp  techni  pie  that  involves  heat  input  rust  ho 
evaluated  carefully  to  ensure  that  neither  t  fie  grains  nor  their  boundaries  are  degraded  durinp,.  **r 
subsequent  to.  the-  ;oininp.  process. 

huri  me.  conventional  fusion  weldinp  enough  boat  lias  t<>  he  input  cause  localised  melt  i  nr  of  the 
parent  metal  and  this  also  causes  anneal  inp.  and  modification  of  the  a  1  1  a cent  titbit  -a:  looted  /one.  i  or 
almost  all  wind  tunnel  models,  the  heat  inputs  fro;,  weldinp.  processes  such  us  '*1  .  T!  ,  "Al. .  etc.  ire  too 
p.reat  and  the  resultant  heat -af lecteo  rones  too  larr.e  t"r  these  processes  to  he  acceptable.  However,  in 
tfie  case  of  electron  hea’  and  laser  weldinp.,  heat  inputs  are  so  low  and  control  of  the  heat -af  f  ected  /one 
so  pood  that  these  techniques  are  l*econinp.  indispensable  for  :oininp.  topether  sub  comjwments.  lor  example, 
many  airfoils  are  desip, nec!  with  cover  plates  that  allow  access  to  the  centre  of  the  airfoil  for  t fie  passage 
of  pressure  tubing  from  the  sensing  orifices  on  the  airfoil  surface.  ! lectron  beam  weldinp  has  been  used 
on  many  airfoils  to  secure  fullv  profiled  coverplates  to  the  rest  of  the  airfoil  without  danapinp.  r  fie  tubes 
or  tfieir  joints.  It  is  reported  bv  Griffin  (lief,  la)  that  laser  weldinp.  without  r  he  use  of  fillers  can 
produce  strengths  equal  to  that  of  the  parent  netal  after  heat -treatment .  The  rep.ion  affected  is  limite! 
to  a  diameter  of  about  o.f.2  nn  ‘  .o.?  >ini  and  a  depth  of  hetween  o.ri  and  I..7  nm  r.".>  to  . ■  r.  in-  and  is  thus 
particularly  useful  for  joining  thin  sections. 

Austenitic  stainless  steels  such  as  the  precipitation  hardenahle  A.!-o  and  Mtronic  2Kr-*Ni- 

can  l*e  brazed  usinp  nickel-based  fillers  such  as  the  Ni-70r-  Me--».  r*Si-  *..*B  alloy  ,  w\i  * 

to  p.ive  ductile  joints  with  strengths  similar  to  the  parent  metal  yield  strenrth.  These  alloys,  which  are 
bra/***!  it  temperatures  in  the  ranpe  1  • )  1 '  1 1 7  !>  C  ( lS'»0-21r>0  F),  are  of  particular  interest  as  thev  contain 

'•ipltinp-j*oint  depressants  such  as  f>oron  and  silicon  which  diffuse  from  the  molten  filler  metal  into  the 
parent  metal  and  cause  the  filler  to  solidify  isothernallv  as  the  heron  and  silicon  concentration  lrops. 
"liev  tiave  been  used  successfully  in  a  research  propran  to  develop  a  fabrication  technique  for  the 
construction  of  2  an<l  )  H  airfoils  by  bond  inp  top.ether  two  or  more  flat  plates  containinp,  pre-macfii  nod 
channels  that  subsequently  become  pressure  passages  in  the  landed  airfoil.  Small  samples  have  been 
produced  without  blocked  channels  or  cross-leaks  between  then  and  current  developments  are  concent  rat  i  nr.  on 
seal  inp  up  towards  airfoils  larr.e  enouph  for  use  in  one  or  other  of  the  NASA  I.aK«'  cryopenic  tunnels.  lor 
optimum  bonds  the  pap  between  the  two  surfaces  to  be  bonded,  the  fayinp  surfaces,  should  be  of  the  order  d 
".n:r>  to  ii.hS  rim  (.uni  to  .uuj  in>  ant!  such  dimensions  are  easy  to  maintain  in  small  samples.  However,  as 
warpape  out  of  the  plane  of  the  plates  tends  to  increase  as  the  square  of  the  plate  diameter,  this  becomes 

increasingly  more  difficult  in  larp.er  samples.  A  better  understanding  of  the  factors  controlling 

dimensional  staliilitv.  hopefully  to  t*e  obtained  as  a  result  of  the  stepped  specimen  work  described  earlier, 
will  be  necessary  before  this  technique  can  be  used  routinely  for  airfoil  fabrication. 

burinp  bra/inp  enouph  heat  has  to  be  supplied  to  the  components  to  allow’  the  filler  netal  to 

flow,  wet  the  fayinp  surfaces  and  fill  the  paps  between  then.  In  peneral.  the  hiphest  strength  fillers 
melt  at  the  hiphest  temperatures  and  there  is  the  preatest  risk  of  causinp  prain  prowth  when  thev  are  used. 
It  has  already  been  noted  that  a  special  heat-treatment  has  been  developed  to  reduce  the  prain  si/e  and 
thus  improve  the  otherwise  narpinal  cryopenic  touphness  of  the  1m  nickel  200  prade  ma raping  steels  intended 
for  fabrication  of  models  for  the  NTF.  However,  most  of  these  models  needed  hrazinp,  and.  as  serious  prain 
prowth  starts  at  tenperatures  above  al*out  loon  r  flH3o  F)  in  these  narapinp  steels,  the  AWS«i777  type  of 
fillers  cannot  therefore  he  utilised,  wood  results  were,  however,  obtained  in  an  experimental  propran 
usinp  a  newly  developed  **7Ni -.»7Pd-»«Ni  alloy  (Metplas  MBF*loor»X )  and  brazing  temperatures  in  the  ranpe  ‘‘un- 
o#,'>  r  I]p'iM-177ii  I  |  f'Hef.  U).  other  narapinp  steel  models  have  been  brazed  usinp  the  more  established 
si  Ivor-copper  alloys  such  as  AWS  BAG  1  ( r>0Ap,-lt> .  *>0.11-1  S.  *>/n-lt»0d-  INi )  which  can  be  brazed  at  tenperatures 
between  7Mu  and  '’on  r  ('lAl'V  to  U.TO  F).  As  the  recommended  .solution  annealinp  temperature  for  these 
narapinp  steels  is  about  Ml'*  r  (lr>00  F),  the  two  operations  could  be  combined  if  so  desired.  Ape  inp.  takes 
place  at  between  Ur>  and  70a  c  (600  to  1300  F)  and  it  has  been  suggested  (Kef.  In')  that  hrazinp  and  ape  inp 
could  be  combined  in  the  sane  heat-treatment  usinp,  an  aluminium  filler  to  produce  a  diffusion  brazed  i>ond. 
However,  initial  experiments  at  9B0  C  (900  F)  usinp,  pressures  of  2*  MPa  (A  ksi)  failed  to  produce  consist¬ 
ent  bonds  with  adequate  strengths.  The  instrumented  winp,  of  Pathfinder  1,  which  was  fabricated  in  Nitronic 
90  ( 2irr-6Nl-9Mn-N)  stainless  steel,  was  brazed  using  an  M2  x  Au  -  1M*.  Mi  alloy  melt  inp,  at  9ljr>  C  (17r»o  K). 


Tin*  temperatures  involve*}  in  brazing  "peratinns  are  often  high  enough  tn  give  partial  «.r  go*  j  lotx* 
reliot  < » t’  residual  stresses  create*}  -luring  previous  machining  operations  and.  if  these  stresses  are 
unevenly  distributed.  distortion  can  occur.  Tn  extrene  cases  cracks  liave  been  found  to  propagate  during 
brazing.  or  subsequent  cooling  and  the  choice  of  heating  an*}  cool i nr.  temperature  profiles  is  niton 
lit  ticult.  Ideally.  rapid  cooling  is  advisalile  through  temperature  ranees  that  cause  -i  cm  structural 
degradation  or  unwanted  ageing,  with  slower  coo l i nr.  through.  or  !*erio<ls  held  at  .  those  lower  temperatures 
that  allow  some  degree  of  stress  relief. 

one  pre-requisite  for  successful  hrazinft.  or  soldering.  is  the  renova  1  of  o>ide  films  an! 
contarin.it ion  that  would  otherwise  prevent  the  molten  filler  f ror.  wettinr.  the  two  surfaces  and  producing  a 
I’oo.t  Pond  between  then.  Thorough  cleaning  and  degreasing  is  always  essential  and  there  are  two  principal 
methods  of  renovinr.  oxide  films,  the  use  of  active  fluxes,  and  vacuum  or  reducing  atmospheres  in  furnace 
brazing.  The  main  disadvantage  of  active  fluxes  is  the  need  to  ensure  their  complete  removal  after 
brazing  in  order  to  avoid  subsequent  corrosion.  In  contrast,  furn  ce  brazing,  particularly  of  stainless 
steels,  gives  a  clean  product  hut  can  cause  micro  structural  degradation  it  post  -razing  ter.;*eratures 
.-ann«>t  be  reduced  rapidly.  It  is  in  practice  difficult  to  cool  thick  sections  juickly  enough  through  the 
critical  temperature  range  in  a  vacuum  furnace  to  prevent  sone  sensitization. 

'Oldering,  is  used  to  create  ioints  at  much  lower  ter,f>eratures.  usually  below  about  f  i*.v  !  > 
and  at  these  temperatures  there  are  rarely,  if  ever,  problems  with  nicrostructural  or  dimensional  changes. 
:utectic  composition  alloys  are  preferred  where  available  as  they  freeze  without  going  through  a  two-phase, 
pa st v  region  that  causes  flow  problems.  The  l>ond  strengths  attainable  are  also  lower  and  in  so-  e  of  t  tie 
stronger  tin-rich  alloys,  brittleness  can  be  created  by  phase  changes  in  the  tin.  bond  strengths  are 
stronr.lv  influenced  by  factors  such  as  ioint  geometry  and  bond  thickness,  the  highest  strengths  coninr,  from 
the  thinnest  ’oints  due  to  plastic  constraint  by  the  adjacent  surfaces.  't  is  also  highly  advisable  to 
match  as  closely  as  possible  the  expansion  coefficients  of  the  solder  and  the  petals  to  be  ;oinod,  which 
need  not  necessarily  be  the  same  materials.  This  minimises  the  risk  of  failure  due  to  thermal  fatigue 
should  the  model  have  to  undergo  many  temperature  cvcles  between  ambient  and  its  cryogenic  operating 
temperatures,  "ho  very  low  melting  point  alloys  such  as  Woods  metal  ( *>ol\i-2M’b-12 . ^n-l 2 . r»<*d  1  nav  have 
restricted  use  in  tunnels  such  as  the  NTF  where  there  is  an  operational  requirement  to  withstand 
t.o-.j*?  rat  tires  up  to  *'»  •  (JOO  F)  as  it  melts  between  (>.?  and  7i>  f  (l*i/i-ltib  F).  However,  their  potential 
should  not  lie  overlooked  for  other  applications  where  this  restriction  does  not  exist. 

*>.  NON-MFTAM.IC  MATFRIALS 

Current  state-of-the-art  practice  favours  the  use  of  metals  for  the  construction  of  models  for 
crvogenic  wind  tunnels,  especially  those  for  operation  in  pressurised  transonic  tunnels  where  aerodynamic 
loads  can  be  quite  large.  Nevertheless,  non-netallic  materials  have  important  roles  to  play  in  the 
construction  of  less  highly  loaded  components  or  models  and  for  particular  applications  where  metals  are 
unsuitable.  In  general,  plastic  materials  have  lower  densities,  moduli i  and  strengths  and  higher  expansion 
coefficients  than  metals,  but  in  many  cases  they  are  easier  to  fabricate.  feranics  and  glasses  are 
stronger  and  stiffer.  hut  more  brittle  and  best  used  for  compressive  loads.  Natural  materials, 
particularly  wood,  are  often  overlooked,  but  they  are  cheap,  readily  available,  easy  to  fabricate  and 
possess  a  number  of  useful  properties.  For  example,  balsa  wood  has  a  very  low  density  ranging  from  '»<■  to 
l'*i>  f'g/r:1,  it  is  an  excellent  thermal  insulator  and  has  a  reasonable  compressive  strength.  Finally,  it  is 
worth  remembering,  that  one  of  the  first  models  tested  in  the  '.'ASA  l,angley  7  x  11  in.  low  speed  cryogenic 
tunnel  was  a  simple  sharp  leading-edge  7<'»  degree  delta  wing  whose  wings  and  fuselage  were  made  from  a 
single  piece  of  mahogany.  A  reasonable  finish  was  obtained  by  filling  the  wood  and  applying  several  coats 
of  lacquer  enamel  and  this  combination  stood  up  well  to  the  cryogenic  environment. 

f-.l  Thermoplastics 

These  plastics  materials  have  long  chain  molecular  structures  in  which  the  chains  are  held 
together  by  weak  secondary  bonds.  The  mechanical  properties  of  the  resultant  material  are  highly 
temperature -dependent  and  below  the  glass  transition  temperature  they  are  rigid  and  brittle,  lightly 
cross- linked  elastomers  are  only  able  to  show  elastomeric  behavior  at  temperatures  about  20  ('  above  their 
glass  transition,  especially  when  loaded  dynamically.  No  thermoplastics  have  glass  transitions  below  about 
Ir>"  k ,  most  are  completely  brittle  at  liquid  nitrogen  temperatures  and  it  is  only  PTFF  and  related 
fluorocarbons  that  are  of  much  use  at  low  temperatures.  They  are  used  for  gaskets,  seals  .bearings  and 
similar  applications,  but  unfortunately,  thermoplastics  have  a  viscoelastic  nature  and  they  are  prone  to 
creep  and  stress-relaxation.  Consequently  they  are  often  reinforced  with  fibres  or  powders  to  minimise 
cold  flow,  which  also  has  the  effect  of  reducing  their  otherwise  large  coefficients  of  thermal  expansion  to 
make  then  more  nearly  natch  those  of  the  metals  they  are  used  with.  The  low  friction  characteri st i cs  of 
TTFF  are  not  adversely  affected  by  low  temperatures  and.  when  nixed  with  graphite  and  bronze  powder,  it 
forms  a  very  useful  bearing  material  (Glacier  PQ).  Fluorocarbons  are  also  I, OX  compatible  and  thus  give  no 
problems  should  they  inadvertently  be  in  an  oxygen-rich  environment. 

Thermoplastics  are  rarely,  if  ever,  used  in  thick  sections  as  the  combination  of  their  low 
thermal  conductivity  and  high  thermal  expansion  makes  them  prone  to  thermal  shock.  In  the  form  of  thin 
films  and  fibres,  plastics  such  as  mylar  find  uses  as  electrical  and  thermal  insulators,  while  some 
thermoplastics  are  foamed  for  use  as  insulating  materials.  Probably  more  important ,  however,  is  their  use 
as  lacquers  and  adhesives,  often  combined  with  thermosetting  resins.  For  example,  epoxy-nylon  adhesives 
are  stronger  than  unmodified  epoxies. 

o.2  Thermosetting  Resins 

Fully  cured  thermosetting  resins  form  a  3  dimensional  cross-linked  network  structure  whose 
mechanical  properties  are  much  less  temperature  sensitive  and  prone  to  creep  and  stress-relaxation  than 
thermoplastics.  If  unfilled,  they  generally  have  very  high  contraction  coefficients  and  are  thus  almost 
invariably  modified  unless  to  be  used  in  thin  layers  as  In  surface  coating  lacquers.  Many  of  the  fillers 
used  to  cover  the  heads  of  fasteners,  to  build  up  complex  fairings  and  fillets  and  to  fair  up  the  surfaces 
of  wind  tunnel  models,  are  loaded  thermosetting  resins.  The  fillers  are  generally  materials  such  as  glass. 
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'  ir!*>ri  and  ceramic  powders  that,  have  verv  sriall  expansion  coetlicients  and  the  composition  is  chfisen  sc-  as 
r--  -.at eh  that  of  the  substrate  material.  The  rule  of  mixtures: 

'••.pn.  cn'tt.  rivture  ■  e:q«n.  co*  ft. .  filler  •  vol .  filler'  *  *e  pn.  co*  ft  .  resin  ■:  vM  .  resin 
e.»n  used  to  e.ive  a  pood  indication  <>\  the  required  composition,  hut  «»>  peri:  eni.  ll  testinp  of  a  rmre  ■ 

-  -mj-ositions  that  encompass  to  predicted  value  is  usual lv  necessarv  to  optimize  perf ormance.  Result*  -»f 
\  !  ala'  experience  on  filler  materials  will  he  piven  in  the  folluwinp  paper  tv  't.  'nmrip. 

When  blown  to  form  a  closed-cell  foam,  nanv  t  her  no  set  tine,  resins  fotr  excellent  insulators  and 
•>f-’  e  :  -urns,  are  also  ripid  onouph  to  hear  reasonable  cor.pressive  loadinp.  for  win!  tunnel  models.  toa:  s  ire 
sometimes  used  in  the  centre  of  hodv  or  airfoil  ser.r-.ents,  either  to  fill  »  void  or  as  the  ricid  core  <d 
-•o’  posit e  structure  with  a  bonded  skin  of  fit-re-r*  Enforced  plastic  forminp  the  stressed,  aero-irnar  ical  lv 
profiled.  Surface.  :  rohahlv  the  :a  :or  uses  of  t  ho  rr-osetti  nr.  rosins  are,  however,  as  the  matrices  "t  the 
hi  eh  -  j*erf  ornance  cor.  po  sites  to  he  considered  in  the  nevt  section. 

•  .  <  l|ir".h  Performance  hompositos 

Inr  ervoponic  applications  virtually  all  hirh  performance  composites  use  epoxv  resins  for  the 
•  atri  -  an  l  class,  praphite  nr  Lovlar  fibre  is  roj nf <-r<  c:  ,.nt .  :  irh  specific  strengths  and  moduli i  ire 

■dtainahle  iisinr.  unidirect  ional  reinforcement  .  while  woven  t  i  -'-re  cloths  allow  <linensional  stress*-;  s-  in 
structures  t<>  he  fal-ricated  without  too  larr.e  a  less  of  performance  compared  to  the  unidirectional  ideal, 
■einf't  r<"e.-.ent  in  ?  dimensions  does.  however,  result  in  -5  serious  lowerinp  of  the  mechanical  properties. 

"he  properties  of  a  single  laver  of  woven  cloth  are  anisotropic,  with  naxinun  strengths  and  i-todulii  alone 
the  warp  and  weft  direction,  hut  more  isotropic  properties  can  he  obtained  in  laminates  by  varvinr  the 
fibre  orientations  from  layer  to  laver.  Alternatively  the  inherent  anisotropy  can  he  utilised,  to  enhar.  e 
the  mechanical  and/or  thermal  properties  in  chosen  directions  to  meet  spec  fic  desir.n  requirements. 

lass  fibre  reinforced  epoxv  systems  ire  tv  far  the  most  widely  used  both  at  cryoponic  ami 
client  per  ituros  where  their  hiph  strengths  and  pood  touphnoss  are  desirable.  Their  main  drawbar1  is 
in  their  1<  w  Mastic  moduli i  and  the  resultant  larr.e  work i nr  strains.  i:ir.h  modulus  r.raphite  fibres  can  ho 
partially  --r  completely  substituted  for  class  t-'  pro-luce  stiffer  composites,  but  their  hipher  electrical 
conductivity  can  sometimes  i*>  a  problem  and  even  lead  to  r.alvanic  corrosion  if  used  in  conjunction  with 
-ore  anodic  metals  such  as  aluminium.  \  reasonable  compromise  is  offered  by  the  more  recently  developed 
polvimide  fibres  such  as  Kevlar  V*  which  have  a  »r»’  hip  her  modulus,  a  •».*'.  lower  density  and  similar 
strengths  when  compared  to  plass.  ""his  lar.inat inr,  cloth  has  a  low  thermal  conductivity  and,  for  a 
ther  oplast ie.  a  relatively  low  coef ficient  <>f  thermal  expansion,  which  minimises  problems  of  differential 
thermal  contraction  between  the  composite  and  metallic  allovs.  driffin  >  i.ef  .  1.  '  has  fabricated  and  tested 
i  replacement  forward  l*ody  section  for  an  Ml  model  from  Kevlar/epoxv  in  order  to  cor-:  ire  its  mechanical 
and  thermal  characteristics  with  those  of  the  1  HNi  joo  prade  naraeinr  steel  original.  Initial  results 
appear  favourable,  the  most  serious  problem  involving  differential  thermal  expansion  between  the  dissimilar 
materials  where  the  forward  and  main  body  sections  join. 

A  pre impregnated  epoxy  resin/!  plass  cloth  system  was  use-1  successfully  for  f abricat inr.  the  fan 
Mades  for  the  Nm'K  and  details  of  the  system  and  the  tests  use-1  in  its  verification  are  piven  in  a  report 
hv  Mich  et .  al.  (kef.  lb).  Two  different  types  of  cloth  havinr  different  fibre  densities  in  the  warp  and 
weft  directions  were  used  and  stacked  at  varying  orientations  in  the  1'*  plv  thick  laminate.  The  same 
system  has  also  been  used  at  NASA  I.aKC  to  construct  a  airfoil  for  the  *-r.  Ti'T .  The  basic  shape  of 
the  airfoil  core  was  fabricated  undersire,  stainless  steel  pressure  tubes  were  adhesive  bonded  into  proeve s 
machined  in  the  core  and  further  plies  were  then  pressure  mol  led  over  the  tubes  to  create  the  required 
airfoil  profile.  Pressure  orifice  holes  were  drilled  tbroupb  from  the  surface  to  pick  up  the  buried  tubes 
and  a  pood  surface  finish  was  obtained  by  hand  polishinr,.  .he  airfoil  was  then  tested  safely  and 
successfully  in  the  u.  1-n  rrT  at  cryogenic  temperatures.  A  similar  system  is  also  be  inr.  considered  f-»r 
fabricating  a  replacement  tail  fin  for  the  Pathfinder  1  NT!  model. 

•  .  *  lass  an-1  ceramics 

.‘I though  able  to  withstand  reasonable  compressive  stresses,  neither  glasses  n->r  ceramic*.  tr*> 
likely  to  find  much  application  in  the  bulk  form  in  crvopenic  models  as  thev  are  brittle  when  loaded  in 
tension,  r'vrcx  plass  and  pvrocerar.  do.  however,  have  verv  low  expansion  coefficients  which  render-,  t  he- 
almost  immune  from,  thermal  shc'-k  and  pives  excellent  dimensional  stability.  Should  wind-  ws  ->r  other 
optical  components  he  needed  on  models.  !  vrex  would  be  the  logical  choice.  When  pro-md  to  \  t  j  nr  ;«-w!«-r. 
advantage  can  be  taken  of  their  low  expansion  coefficients  in  us  inr,  the  powder  as  the  f.llor  to  re  Jure  r  he 
expansion  of  resins  and  thus  make  the  mixture  compatible  with  metals.  The  use  of  i  class  lii-res  :  r 
re  inforcerent  has  already  been  noted,  but  the  prowl  nr,  use  of  optical  fibres  for  communications  mir.hr  lead 
to  their  use  for  data  transmission  within  or  from  a  model. 

The  ienands  for  hir.her  thermal  efficiencies  in  hip.h  temperature  pas  turbines  and  other  enrines 
had  lead  to  considerable  improvements  in  the  strength  and  toup.hness  of  enpineerinp  ceramics  base-1  ■  n 
oxides,  c:  chides  and  nitrifies.  While  their  low  temperature  properties  are  not  vet  out  standi  nr.,  thev  are 
improvin»  and  it  would  be  worth  keepinp,  their  development  under  observation,  lor  example,  machinal  le 
ceramics  nicht  have  applications  for  liphtlv  loaded  components  where  their  low  thermal  expansion  an-1 
dimensional  stability  nip.ht  be  a-lvantapenus.  fven  state-of-the-art  ceramics  such  as  alumina  could  Jin!  use 
as  bearinps  which  can  run  apainst  each  other  without  lubrication  and  l>e  stiffer  than  conventional  metal  li- 
nr  polymeric  systems. 

7.  conclusions 

Fxperience  pained  from  the  construction  and  testinp  of  snail  models  in  the  first  penerati--n  of 
cryopenic  wind  tunnels,  such  as  the  0.1m  Transonic  fryopenic  Tunnel  at  NASA  LaRc,  has  piven  a  valuable 
indication  of  suitable  materials  and  fabrication  techniques  and  hip.hliphted  some  of  the  problems  likelv  to 
be  encountered.  -Models  for  the  larp.er  tunnels  such  as  the  NT!  pose  an  even  p.reater  challenge  dvie 
principally  to  a  combination  of  their  increased  si?e  and  hip, her  operatinp,  stresses.  The  required 
combination  of  high  yield  strength  and  adequate  touphness  at  the  lowest  operatinp  temperatures  has  severely 


restricted  the  ranr.e  of  materials  available.  Research  and  development  work  is  beine,  carried  out  on 
improved  r.ateri.»ls  to  increase  tlie  strength  of  inherently  touqh  alloys  and  to  increase  the  toughness  of 
strong  alloys. 

larlier  problems  encountered  with  dinensional  inst.ihility  are  now  understood  to  have  arisen  due 
t.i  • ierostructural  instability  in  the  material  and  the  importance  of  choosing  stable  materials  is  now  more 
wi  l#>\v  understood.  1:nwever.  most,  conventional  nachininr,  techniques  induce  surface  stresses,  tensile  from 
crindinr.  and  compressive  from  millini’.  which  can  be  quite  larp,e  in  alloys  like  A2 86  that  work- harden 
rapidly,  Pinensional  chanp.es  can  occur,  particularly  in  thin  or  asymmetric  sections  if  care  is  not  taken 
to  balance  the  surface  stresses.  In  most  model  shops  opposite  faces  are  machined  alternately  to  minimise 
this  problem.  Subsequent  hent-treatnent .  for  example  as  mipht  be  carried  out  to  bra/e  together  sub¬ 
components.  can  upset  the  delicately  balanced  stresses  and  lead  to  warpape  which  could  be  serious  enough  to 
render  the  model  unsuitable  for  testing,  furthermore,  in  the  larger  models,  problems  are  likely  to  be  more 
severe  as  dimensional  changes,  such  as  warpape  of  a  winp  tip,  are  likely  to  increase  at  least  linearly  with 
the  span  of  the  winp..  The  stepped  specimen  prop, ran  has  been  set  up  to  measure  such  dinensional  chanp.es  as 
nip.ht  be  created  hv  thermally  cycling  between  room  and  cryop.enic  temperatures  as  well  as  to  provide 
information  on  na chi ninp- induced  deformation  and  the  heat- treatments  that  nipht  be  used  in  its  removal. 

The  development  of  suitable,  stronp  bonding  and  ioininp  techniques  is  also  an  area  where  further 
pm  press  is  necessary.  In  p.eneral.  the  strongest  bonds  are  formed  at  the  highest  temperatures  and  in 
weldinp.  some  of  the  parent  metal  is  renelted  into  the  fusion  zone  and  the  structure  of  the  adiacent 
material  in  the  heat -affected-. 'one  is  altered,  often  detrinentally .  Techniques  such  as  laser  and  electron- 
hoar;  weldinp  have  been  found  useful  for  ioininp  small  parts  such  as  cover  plates  because  of  their  low  and 
localised  heat  inputs,  but  they  are  unsuitable  for  many  larper  applications.  Prazinp  is  the  most  commonly 
utilised  technique  for  ioininp.  model  components  and  the  correct  choice  of  filler  is  very  important.  The 
hie, best  strenp.ths  are  obtained  from  the  nickel-based  alloys  and  they  require  hiph  brazinp.  temperatures. 
While  this  nay  be  acceptable  for  alloys  such  as  A.?R6  which  can  be  subsequently  heat-treated  to  achieve 
their  optimum  properties,  problems  are  created  with  their  use  in  materials  such  as  the  1R  nickel  narapinp 
steels.  These  hi p,h- strength  alloys  must  have  a  small  prain  size  to  ensure  adequate  touphness  at  77  K  and 
the  prain  prowth  that  takes  place  at  temperature  above  10nn  C  ( 1  son  f)  would  render  then  unsuitable  for 
rrvoperiic  operation.  Although  conventional  nickel-based  alloys  are  thus  unsuitable,  the  recently  developed 
nickel-palladium  allovs  appear  to  offer  a  satisfactory  alternative.  The  low’er  temperature  silver  solders 
have  peon  used  for  most  model  brazinp.  operations  with  relative  success,  althouph  some  problems  have  been 
encountered  due  to  the  creation  or  relief  of  stresses  durinp,  brazinp,  or  subsequent  coolinp. 

tinallv,  it  would  appear  that  the  use  of  hiph-perfomance  composites  such  as  the  glass-.  carbon- 
ant  Kevlar-reinforced  epoxies  nav  have  an  important  part  to  play,  particularly  in  the  fabrication  of  the 
more  liphtlv  loaded  parts  of  models,  other  non-netallic  materials  have  small,  but  nonetheless  important, 
roles  as  seals,  thermal  insulation,  fillers,  adhesives,  etc.  Aluminium  alloys  have  been  used  for  the 
fabrication  of  simple,  light ly-stressed  models  and  copper-based  alloys  including  bronze  and  beryllium 
copper  have  been  used  tor  models  as  well  as  parts  such  as  hearings.  All  of  these  materials  have  different 
expansion  coefficients  and  it  is  hiphly  important  to  recopnise  the  problems  that  can  arise  if  they  are  used 
top, ether.  Tipht  fits  can  become  much  looser  or  clearances  can  be  reduced  and  bindinp  take  place  if 
dissimilar  materials  are  cooled  from  room  to  cryopenic  temperatures.  Targe  stresses  can  be  set  up  by 
differential  thermal  contraction  and  these  stresses  can  lead  to  distortion  or  even  failure. 

It  can  therefore  be  claimed,  with  considerable  justification,  that  the  advances  to  be  pained  by 
the  aerodynamic! st s  in  the  attainment  of  hirh  Reynolds  numbers  in  cryopenic  wind  tunnels  have  had  to  be 
paid  for  in  the  complexity  of  the  models  to  test  in  them.  The  challenp.es  thus  set  to  model  designer*-  and 
fabricators  are  beinr.  net  and  experience  is  accunuT  ting  on  the  best  materials  and  techniques  to  utilize. 
There  is  still,  however,  much  work,  to  be  done  and  many  problems  to  solve  and  it  can  confidently  be 
predicted  that  if  a  third  AG  Alt  P  lecture  series  is  held  on  Cryop.enic  Wind  Tunnels  in  another  five  years 
time,  models  and  materials  and  techniques  of  construction  will  ap.ain  be  a  maior  part  of  the  programme. 
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7\M i  l  Properties  of  Alloys  used  in  Model  Construction 
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< good ) 

- 

- 

poor 

< eyCp i lent  ) 

( pood ) 

- 

- 

pool 

< rood ) 

- 

- 

.* 

good 

r.ood 

- 

( p.ood ) 

1i f  f icult 

rood 

p.ood 

- 

(good) 

p.ood 

rood 

p.ood 

- 

( p.ood  ) 

reasonable 

as  .’''ii  made 

i'.Ta 

'!>;  SOB  ARC 

Tio. 

excellent 

good 

*  to  In 

'  to  • » 

7  to  M 

research  alloy 

5  to  b 

rea so na hie 

r.ood 

rood 

not  vet 

limited 

reasonable 

p.ood 

p.ood 

available 

limited 

reasonable 

mod 

rood 

commercial ly 

limited 

Toup.hness  too 

V”1  fan 

shaft  used  special  **  Ni . 

NASA  developed 

alloy  to  combine 

limited  use 

low  for  nost 

boor  corosinn  resistance 

high  strength  and  toughness 

in  2D  airfoils 

cryogenic  uses. 

means  nodPl  use  unlikely. 

'v'  -  Pef.b' 

'  p:  ’  pef.l‘*  Inp, '  "  Kef.n 

(t)  =  Ref. 22 

(r)  -  Ref . 1Q 

(rp)  =  Ref.  9 

symbol  signifies  that  the  entry  is  the  sane  as  that  in  the  previous  column 
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TAB!  V  1  Properties  of  Alloys  used  in  Model  Construct  ion 

■tain  less  ‘tee Is 


Pro  pert  v  - Material 

i^cr-j*:i 

ls«'r-0,:i-r; 

1  ftf'r- 1<  »Ni-  ?Mo 

>5.-r-2o»;i 

1 

Grade 

A 1 S I  3U«iI. 

A 1  s  I  3»’9N 

A:  Si  31  r. 

Al'-I  310 

.* 

Tor, posit  ion 

lft/..>i,cr-'i/li»*;i  - 

lv./.wrr-*/ W'.-j- 

l<*/l'-‘Cr-lo/i9Ni- 

3 

structure 

2Mn  - . "  3c- 

ISi-  .'»is_.(|4il> 

netastahle  aust . 

2Mn~  ."*1-  .  1  /  .  1  »*N 

1  Si-  . (i  3S-  .  (lop 
stable  ?  aust. 

2Mn- .oKC-2/ 3Mo- 

lfti-.0JS-.09P 
netastahle  aust . 

2Mn- . 2  56  - 
I .  > si-  .  ' 

stable  aust. 

•• 

Condition 

annea led 

annealed 

annealed 

75’  cold  rolled 

r- 

strenptheninR  Mechanisms 

solution 

solution  •*-  N2 

solution 

solution  •  1  . P . 

c. 

Corrosion  Resistance 

excellent 

exce i lent 

excel lent 

excellent 

WOK  Mm'ANICAl.  I’Ri'i’F'RTrrs 

(w/1  nr.)  (t) 

( w/  lnr.) 

( Pf.bn 

v/lnr  1 

7 

View  f.»Ta) 

291 

315 

.»  39 

-  7<  * 

ft 

l’.T.S.  (MPa) 

i*9l 

5‘*o 

5  u  •» 

6M« 

q 

rionp,.  (*.) 

65 

51 

<o 

3". 

10 

Reduction  in  Area  C.) 

ft  3 

7 r. 

77 

11 

Kc  CMPafn) 

930 

390 

•  |t  M  1 

12 

C harpy  V  (  D 

217 

3  36 

1  i  9 

1  1 

V  (C.l’a) 

2no  i on 

(200) 

1  1 

1  ■'! 

19 

Poissons  ratio 

.  2ft9 

.  2ft0 

.  .M»9 

.  <"■ 

lr> 

7  7K  MIT  PAN I PAL  PROpF.RTIFft 
Yield  (MPa) 

927 

7no 

r, 

t'.T.  s'.  f.VPa) 

1600 

1  557 

1  Vn 

l.'lo 

17 

Flonp,.  (") 

96 

9  7 

5o 

1ft 

Reduction  in  Area  (*".) 

71 

63 

67 

10 

Kc  (MPa/m) 

900 

330 

166 

20 

Charpy  V  O) 

190 

200 

159 

21 

F  ( r,  Pa ) 

219  205 

219 

209 

2  "  - 

22 

Poissons  ratio 

.  27ft 

.27ft 

.2ft.) 

. 

23 

PHYSICAL  properties 

Sp.  lit .  (  J/kR.C  )  [ 77K 1 

«sw  [220 1 

. 

. 

2  .'4 

Fxp.  r.o’ft  100K  ( 106/K) 

15.9  (total  linear  contraction 

of  all  9  grades  oi 

stainless  stepl 

25 

Exp.  Co '  ft  >  77V.  CIOA/K) 

13  (  between  300  and  77K  is  .285  percent  3 

26 

Thern.  Cond .  300K  (w/n.K> 

19  16 

19 

19 

1  1 

2  7 

Them.  Cond.  77K  (K/n.K) 

ft  ft.  2 

s 

ft 

2ft 

Density  (p./c  c) 

ft.no 

8.00 

H.lHi 

29 

HFAT-TRF.ATMFNT  INFORMATION 
Atmosphere 

Air.  Inert,  Vac. 

_ 

. 

. 

10 

Crain  Growth  (C)  f F ] 

(  1120  1 20', 01) 

-- 

- 

I  1U(  (  20WI  |) 

n 

So  In.  Anneal  (C)  fF] 

1010/1120  fl 950/2050} 

- 

lilli./U'i'i  1  1'""'*  i 

32 

**  Tine  (hr) 

(few  hours) 

- 

- 

- 

31 

lleat-Treatn' t  (C)  [Fl 

n/a 

- 

- 

- 

39 

"  "  Tine  (hr) 

n/a 

- 

- 

- 

35 

"  Contraction  (*«) 

n/a 

- 

- 

- 

3/. 

Sensitization  (C)  f F ] 

550  to  r»  30C 

- 

- 

- 

37 

Stress  relief  (C)  [F] 

9ftrt  1900); slow  cool,  or  950  [1750];  rapid  quench 

- 

39 

DIMENSIONAL  STABILITY 
Metallurgical 

poor,  ( Ms~230K) 

Rood.  (Ms=l00K) 

nediun.  (Ms=l60V) 

exc . .  ( Ms=  )OK ) 

3‘» 

f’ryocvcle  (Initial) 

( Rood?  3 

(  very  rood) 

( Rood) 

(excellent ) 

.0 

CrvocycZe  (Subsequent) 

(very  Rood  > 

(excellent ) 

(very  Rood) 

(excel  lent ) 

'*  1 

Machininp. 

poor,  ( Md  -900K ) 

p,ood,  (Md=250K) 

nediun,  (Md=30OF 

eve.  ('Md-2l'0K) 

9> 

1-  APR  I  CAT  I  ON 

Millinp. 

poor 

. 

. 

_ 

Grind  inc, 

poor 

- 

- 

- 

Mttface  Finish 

reasonable 

- 

- 

- 

,, 

IniNING/nNtSHTNr. 

Leldinp.  Process 

MIC.  TIC.  SMAK 

'••e  Ida  hi  litv 

excellent 

- 

- 

- 

Wra.-inr.  Process 
'  ra/abi  1  it;'  Alloy 

•nlderahi  litv 

Vacuum  or  Inert  Gas 

AWS  BAG  ]  ,  ).  AWS  BNi  3. 

Good  with  reactive  flux,  for  example  orthophosphoric 

acid . 

•  :  *.  availability 

-‘os  r  ■  S/lh) 

9 

r 

9 

h 

•■I 

'vai lability  Bar 

excellent 

Rood 

excellent 

rood 

Plate 

excellent 

Rood 

excellent 

rood 

.1  < 

sheet 

excellent 

p.ood 

Rood 

Rood 

' nnrents 

300  series  stainless  steels  widely 

used  for  crvopenic  tunnel  fabric’ n. 

_ 

rata  References 

have  been  used  for  lip.htlv  stressed  cryogenic  models 
higher  loads  in  pressurised  tunnels  such  as  NTF. 

w  =  Ref.  2  (pM»)  =  Ref.  11  (Inr,)  =  Ref.  9 

but  too  weak  for 

»ont.notes:  ronnents  in  O  brackets  are  authors  "hest  Ruesses"  where  data  is  unavailable  or  unquantified 


Vanle  1 


nntinuod 


'rainless  Steels 


1  Sr-»  Si  *vn 

2  3i  r-  l  3*;i-  .  .»n 

A28». 

1*1*1  3-  ''Mo 

1  3- 3 pH 

17-9 pu 

’■itronio 

1  AIR  1  V"-  1  7o 

AMS  -  S7  3(i  A 

rr;s  si  <Roo 

INS  Sl33uo 

r-,;  S17-V". 

i 

1  'r-'  Si  -  *“n- 

2  »Cr-l  <Ni-  .  »i.iN- 

23t.i-l9Cr-2.27i 

1  3fr- Vii-  .<19(1- 

1  s<  r-  * . 3*:i- .oaf 

If  .  3Cr-9Ni- .ti.-it’ 

.  ;  .  iS-  .  u  •  1-i 

.  -"o- .  >'*n-  .  ‘Si- 

1 . 2 Mo- 1 . 3Mn- .  3V 

1  .1A1-2.2MO- 

3 . 9 C u -  .  ‘.Si-  .  3“.n 

3.*Cu-  .  > . <i  -  .  3‘!n 

.  i  ■  <•;  -  . 

..i  w  .  i ii i.; s 

.use-  .  2A1-.  S'  i 

.  i  •  3Mn-  .  o  <Si 

.  23Nh 

.  23Nb 

stable  .'  aust  . 

stable.'  a ust. 

stable  aust . 

mart  st  e  +  aust 

ms .  ♦-  rev.  aust 

ns.  *  rev.  aust 

innca  led 

annealed 

H  11'."  ** 

!!  llfiiiM 

U3h  m 

salutes  *  S.‘ 

solutes  *■  *."2 

precipitates 

ppt . <  temp.  ms. 

ppt.-f-  temp.  ns. 

ppt .  *-  temp.  ns. 

f*v i-el  lent 

evcelient 

excellent 

excellent 

excellent 

excellent 

. 

•  a '  h  ' 

i.  sak  1 

' t )  ( rp )  i hi 

( a  1  fh) 

( a ) 

fa) 

•  ft' 

7  ”.i  >  odO  b*d 

3 «b  38b 

717 

38b 

- 

-M 

inoo  1 1 1«  3 

wdp  Md(. 

k»l<\ 

23 

2 

8 

s 

37 

7o 

b  8 

lo 

11./ 1M  132 

If.  3 

n 

.’"1 

.*77 

'  r.  i  7 

1  <>2  lo*> 

13b 

1  33 

12 

l»7 

201-.0 

172 

19( 

2"1 

1  3 

.  3  3<i  .  3<K. 

<  t  1 

d  3u  d;>7 

.  278 

■'r2 

.291 

1.1 

low,  im, 

1131 

lOlMl 

loo7 

13 

la  DO  1  <79 

lbU  J 

<.b 

1  9*2 

1  2U7 

13/9 

lb 

17 

29 

1  8  2 

»•  3 

121 

b3 

l"> 

1>I 

97  SR 

29  3 

8  1 

2  7 

7 

2v 

:n.'.7  c,o 

21 

918 

9n0 

2  3 

lb. 7 

lb.  7 

10.9 

11 

11 

29 

i:\2fg) 

2r, 

l  3 .  .'1 

la .  h 

12.7 

17.9 

(1M 

2  b 

7.  S3 

7 .  db 

7.7b 

7.82 

7.82 

28 

Air.  Vac,  Inert 

_ 

- 

_ 

_ 

_ 

29 

n-w  l.Mr>n| 

(  11 HO  [21301) 

<  uw  i .:iw|) 

1  180  1 2130] 

1200  [2200] 

30 

1  obb  |  1  *»',(]  | 

982  f 1 800  ] 

927  [ 1 7 do  1 

10JO  f  1*100  1 

low  fl<woI 

31 

1  hr/in;  +■  W.d. 

1  hr  then  W.o. 

Id  nin.  +  A . 0 . 

30  nin.  +  A.C. 

3o  nin.  A.C. 

32 

not  relevant 

7V.  [  1  350} 

7b n ,  AC ;  (•.?<),  AC. 

7 bo, AG;  020 , AC . 

7bO.AC;  b’O.AC. 

33 

.. 

lb  hr  then  A.C. 

2  hr  ;  9  hr 

2  h r  :  9  hr 

2  hr  ;  ■»  hr 

3a 

.0033 

.0029 

(  002- .003) 

33 

soo/'un  f lion/ 1 ’no ) 

(  -  ?> 

(  -  ?) 

(  ~  ?) 

(  -  ?) 

3b 

,sn[  '11)11  | ,  \{-  or 

'IW1  I7r.l)  |,Wt). 

Solution  anneal 

then  re -age 

- 

“ 

37 

Stable 

Stable 

Stable  ? 

Instable 

I'nstable 

38 

•ooct 

Fxcel  lent 

Some  war  page 

Large  war  page 

Large  warpage 

3° 

Fxcellent 

Fxcellent 

Fxcellent 

Further  warpage 

Further  warpage 

90 

High  stress 

V.  High  stress 

Moderate  stress 

91 

poor 

had 

harder  than  309 

like  30a 

like  309 SS 

••4  2 

poor 

poor 

good 

9  3 

soft 

reasonable 

Very  good 

excellent 

Fxcel lent 

"" 

Mro,  TIG,  SMAW 

- 

weld  in 

TIG 

MIG.  II''.,  d'VAW 

„7, 

ood 

- 

soln  treat  cond 

Good 

Good 

- 

9  b 

;  Vacuum,  Tnert  Gas 

- 

- 

- 

9  7 

AWS  HAr  1.3;  AW 

RNi  3; 

soln.  I!T;  reage 

- 

- 

■48 

Good  with  reactive  flux,  for  example  orthophosphoric  acid 

“ 

- 

V 

r, 

o 

7 

7 

ril  l 

hi f  ficult 

? 

long  lead  tine 

Long  load  tine 

Reasonable 

Reasonable 

31 

f'if  ficult 

I  p  to  Minn 

" 

32 

Reasonable 

Mown  to  t'.3nn 

Reasonable 

” 

3  3 

f,sed  for  Path- 

Alloy  developed 

Many  2  A  7  f> 

Allov  must  be 

Alloys  must  be 

cooled  32  f  do  ) 

V, 

finder  1  and 

in  IAF.RT  fusion 

models  used  in 

cooled  lb  [  bO ] 

before  aging  to 

complete  marten- 

other  NT F  models  research  prog. 

I .a  RC  o.3m  and 

before  ageing 

site  transformation,  ’nstable  in 

NTF  tunnels 

NTF  model  use 

HI 130V.  too  brittle  fullv  aged. 

f a)  -  Ref.  * 

( sak )  =  Ref.  20 

(rpl  =  Ref.  9 

ft)  =  Ref.  22 

f  h  >  =  Ref.  13 

(g)  =  Ref.  19 

33 

symbol  signifies  that  the  entry  is  the  sane  as  that  in  the  previous  column 


roperri.es  of  Allovs  used  in  Model  ronstnietion 


A lun i n i urr  arid  <'nppe r  Alloys 


^ropertv - - - Material 

A 1 uni nun 

Aluninun 

Aluninun 

beryllium  Copper 

trade 

AAA  hi  W  A 

AAAM'M 

AAA  2 OF. 

Composition 

■'» .  GM.r-  .  oMn 

lMy-.nSi-.27Cu- 

•*.4Cu-  .4Si- .  KMn- 

1 . bhe- . 2 Go- . IFe- 

.  2r»Cr 

.  ..Mp, 

.  isi 

structure 

f .  c .  c 

f  .c.c 

f .  c .  c 

f  .  c .  c 

!'ondit  ion 

annealed 

T6 

Tb 

so  In  l!T  K  aped 

"•  t  r  e  np.  t  he  n  i  n  p.  Me  c  I  ia  n  i  sn  s 

solution 

precipitat ion 

precipitat ion 

precipitation 

corrosion  Resistance 

pood 

yood 

p.ood 

pood 

h'.v  V!,'C!:A*.  I  ('AI  PR'MTRTIFS 

i  lnyXml  3)(asn) 

(InyACnulACasr.) 

( lnyACnl 3) (asm) 

(rib .) ) 

'•ield  ('Ta* 

ISO 

270 

.'*20 

bb  7 

1  .  7 .  s .  <'  VI ’a '» 

•*13 

30b 

476 

7  m2 

:  lone..  <  '  ' 

.13 

18 

1  3 

10 

’  eduction  in  Area  *"•) 

3S 

5  b 

b4 

•  c  |  V!’n  n  A 

harpv  V  «  n 

22 

Sl(T) 

1  t!,a) 

71.0 

70.2 

7*.l 

131 

:nissons  ratio 

.  *3  3d 

.338  * 

"~i  ;m  •;  ?  c.M  vp.  Um.  vtt  :•>; 

ield  '’!a) 

lb.'. 

3  30 

.'*70 

8lu 

:  V.  •  M|’a  ) 

a  3d 

4 12 

SbS 

oou 

i lone .  > 

33 

2:t  t 

14 

31 

edijrt  i  <>n  i  n  Area  •'  1 

*4 

SI 

00 

!  r  1  "  :'a  ' 

.*7(TA 

harr-v  \  •  >  ’ 

22 

•  ::a  > 

Mil,  > 

77.1 

:o is sons  ratio 

.  *1“S 

.  *277 

)  ■  •' :  :  "i i's 

:■  "t.  ■^r.n  !  "1 

I  J/.ll ) 

|  l.'.i'l 

‘>00 

<,2»* 

•  o'  t  t  «.».«•  M I./K  1 

>\ .  *  2  3.  '♦ 

2  * .  2  2  * .  4 

2  * 

17.8 

:  o*  ft  "7 V  Jut./ f  ) 

•'.i' 

‘KO 

'  ho  it-  .  >nnd.  'i’1’1'  w/n.KA 

m  up 

I'M 

2 1 « 

8/, 

!  he v  .  ond.  7  7v  t  v;/:-..F  ' 

v. 

•'nsi  tv 

?  ,  h  f > 

2 .  ; 

2 . 4 

8.23 

\  .  A  ... J..J  •  I , 'i*; 

't^'o  sphere 

rain  rowt.h  dh  (  F I 

nln.  Anneal  fC)  |F| 

117  |‘I.' 

"  "  Tine  hr) 

1  hr  (salt  A.  air 

;ieat  -  Treat n*  t  (  C A  |Fl 

U.R/17.1  I  jr./luS 

"  "  Tine  (hr) 

8  to  12  hr 

"  contraction  CM 

none? 

- 

_  2 

ensit  i /ation  <  c  A  f  F 1 

Aluniniun  alloys 

do  not  sensitise 

- 

dross  Relief  ’ jf"| 

3i.ll/al2  [f'r.il/77r> 

■irTN-:i>'»:.M.  crM-.n.rrv 

*feta  1  turcica 1 

Fxcel lent 

Fxcel lent 

Good 

Good 

1  rvocvclo  / Initial' 

<  lood 

hood 

hood 

Good 

Cryocvcle  i  'uihsequent  A 

»ood 

hood 

Good 

(  p.ood  ?  A 

Machininr. 

FARR  I !"  AT!  > 

Aluniniun  alloys 

sinilar  to  *00 

series  stainless 

( p.ood?  A 

“illir.r 

Poor 

fair 

hood 

J’oor 

■ri ndinr 

Aluniniun  allovs 

not  normally  p.  round 

? 

airfare  Finish 

l->ld  inf*  Process 

Poor 

Fair 

hood 

Fair 

“TO.  TTh .  SMAK. 

- 

- 

MIG,  TIG. 

l  eldnl  i  lit  v 

hood 

hood 

Fa  i  r 

Fxcel lent 

!ra.inr  Process 

‘.'ot  normally  reconnended  for  aluniniun  allovs 

Furnace,  torch 

hra /ability  Alloy 

" 

Good,  Ay- based 

holderabi litv 

Very  apressive  fluxes  needed,  not 

reconnended 

excellent 

|  out  WATI  M'IF.ITY 

<’nst  f>f  lhA 

2-  *  >/lb 

- 

- 

5-6  8/ lb 

Availability  Par 

hood 

hood 

Good 

Reasonable 

Plate 

hood 

hood 

Good 

Reasonable 

beet 

ioo.i 

hood 

Good 

Reasonable 

■'ornent  s 

F'sed  in  bulk  in 

I'sed  for  iip.htlv  Stronp.er  hut 

rsed  for  hiph 

tanka pe.  United  loaded  nodels  in  lower  toughness 

thermal  conduct- 

node  I  usape 

O.  *-n  TCT  f,  Mr 

limits  model  use 

ivity  inserts. 

’  ata  '  efd’renres 

( lnp,  >  =  Pef  . 

fnl  *A  -  Ref .  i. 

(asm)  =  Ref.  *> 

( mb  *  A  =7  Ref.  7 

'i.m'tp*!:  'n-.noni’s  in  brackets  are  authors  "best  presses”  where  data  is  unavailable  or  umjuantified 


Table  1  Continued 


Titanium,  Low  expansion  and  Nickel  '  opera  1  l<»vs 


Ti-bAl-aY 

Ti-  5A1-2 .  5sn 

Invar 

Ni-Span  0 

Inconel  ~  1- 

!  nconel  '■  ~  ■< 1 

Ti-oAl-aY,  Fl.I 

Ti-NAl-2.SSn.n.I 

Nilohi.  N’ilvar 

Constant  Mod- 

ulus  42 

nAl-aV- .  lf'e- 

s.Al-2 .  ’»Sn-  .  2Fe- 

3d Ni - . 10- .  36 Si- 

42Ni -5. 2Cr- . 5A1 

l9Cr- 1  8  .  5}  e  -  (*)o 

1  5 . 5 : '  r  -  7 1  e  .  7  M 

.me 

.07(7 

. 35Mn- . 1A1 - 

2. 4Ti-  . 06 C 

.OTi -  5. 1  NS  7a 

.  '.7i  .  .  a'.  \J. 

.olSP-.tUSS 

Fa 

h.c.p. /h.c.c. 

h.c.p. 

f  .c.c. 

f .c.c. 

f .  c .  c . 

I  .C.C. 

5 

Annealed 

Annea led 

Annealed 

Soln.HT  I.  aped 

Soln.HT  r.  aped 

'oln.-T  f.  aped 

- 

Solute  /2  phase 

Solution 

Solution 

Precipitation 

Frecipitat inn 

i  recipitat  if.n 

excellent 

Fxcellent 

Fxcellent 

Fxcellent 

Fxcellent 

\ xcellent 

■ 

i  p  ‘  !  n  'i  ( h  1 
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Summary 


The  design  and  cons t rue t ion  of  models  for  the  National  Transonic  Facility  (NTF) 
has  resulted  in  significant  technology  developments  in  many  areas.  This  lecture  covers 
the  development  of  design  criteria  and  major  research  and  development  work  that  has 
contributed  to  the  successful  design  and  fabrication  of  models  for  testing  at  full 
scale  Reynolds  number  in  the  NTF.  Kmphasis  is  placed  on  the  materials  aspect  of  the 
design  and  fabrication  process,  including  metallic  materials,  mechanical  properties 
characterization,  new  steel  alloy  development,  fracture  toughness  enhancement,  and 
identification  of  fillers  and  solders  suitable  for  use  in  cryogenic  models. 

Quantitative  data  are  provided  which  will  be  of  value  to  the  potential  user  of  NTF  or 
for  application  to  the  design  and  fabrication  of  model  systems  for  other  cryogenic  wind 
tunnel s . 


1.0  I n  t  roduct ion 


The  advent  of  High  Reynolds  number  testing  in  the  cryogenic  National 
Transonic  Facility  (NTF)  at  the  NASA  Langley  Research  Center  (LaRO  has  given  rise  to 
unprecedented  difficulties  in  the  design  and  fabrication  of  model  systems  for  the  new 
facility.  In  1979,  a  program  for  development  of  technology  for  cryogenic  model  systems 
design  and  fabrication  was  initiated.  The  basic  objectives  were  to  identify  and 
address  the  technological  problems  associated  with  the  design  and  fabrication  of  model 
systems  for  use  in  NTF,  and  develop  new  technology  where  needed,  tn  order  to 
accomplish  these  objectives,  developmental  models  (Pathfinders  1  and  If)  were  chosen 
for  design  and  fabrication  at  the  Langley  Research  Center.  In  addition,  a  contractual 
studyl  was  initiated  to  investigate  the  design  feasibility  of  maneuvering  aircraft 
models  having  thin  instrumented  wings,  flow-through  engine  simulation,  and  moveable 
eon t  rols . 


The  aforementioned  tasks  were  used  as  the  basis  for  addressing  design 
difficulties:  such  as  those  associated  with  the  severe  thermal  environment,  potential 
for  brittle  fracture,  hLgh  dynamic  pressure  loads,  and  stringent  fabrication 
to l era  nces . 


Various  aspects  of  the  work  presented  herein  havcf been  reported  in  previous 
i  on  f *■  renees  ,  2 , 3  ,  1  Most  >f  the  work  reported  on  prov  iousl  y  ,  ^  •  had  not.  progressed  to 

t  tie  point  where  quantitative  data  were  forthcoming.  The  data  presented  in  this  lecture 
ar**  taken  largely  from  reference  d  .  The  purpose  of  this  lecture  is  to  report  on  the 
evolution  of  design  criteria  for  NTF  models  and  to  present  the  results  of  metallic 
alloy  studies  aimed  at  developing  and  characterizing  materials  suitable  for  cryogenic 
use.  Also,  studies  related  to  filler  material  selection  and  solder  applications  are 
presented.  Where  available,  quantitative  data  are  provided  along  with  fabrication  a nd 
operational  experience  gained  to  date. 


2.0  Design  Criteria 


Design  Criteria  have  been  developed  specifically  for  NTF  models.  The 
criteria  define  special  requirements  for  utilizing  the  high  Reynolds  number  capability 
of  the  NTF.  The  criteria  are  set  forth  in  reference  5  and  are  mandatory  for  testing  in 
the  NTF.  However,  deviations  from  the  criteria  are  allowed  contingent  upon  the  NTF 
Facility  Safety  Head  approval. 


2 . I  Evolution 


The  criteria  basically  evolved  f rom  the  NTF  developmental  model  activity 
which  forced  .the  model(s)  design  to  be  able  to  be  tested  at  full  scale  Reynolds  number, 
high  dynamic  pressure,  and  at.  cryogenic  conditions. 


2.2 


Allowable  Working  Stress 


Two  sets  of  allowable  working  stress  criteria  are  given  in  reference  5. 
Where  possible,  working  allowables  of  '!  on  yield  or  4  on  ultimate  (method  l  approach, 
ref.  5,  worst  case  loads,  with  stress  concentration)  makes  life  simpler  for  the 
analyst.  However,  many  models  for  NTK  will  require  designing  to  lower  safety  factors. 
The  safety  factors  allowed  per  reference  5  are  summarized  in  table  1.  The  method  2 
approach  (lower  safety  factor(s))  of  reference  5  is  intended  to  provide  a  systematic 
way  of  designing  for  various  types  of  stresses  (e.g.  membrane,  bending,  etc,)  and  gives 
criteria  for  combining  stresses  for  various  types  of  toads  conditions  (e.g.,  thermal 
and  mechanical).  The  approach  is  not  new  but  rather  is  based  on  criteria  used  for 
optimal  design  of  highly  loaded  structures  using  the  maximum  shear  stress  criteria  for 
failure.  For  example,  the  design  of  Pathfinder  1  (figures  1  and  2)  to  the  test 
condition  illustrated  in  figure  3  resulted  in  a  localized  working  stress  of  approxi¬ 
mately  two-thirds  of  the  yield  strength  of  the  material.  Thus,  it  became  obvious  early 
on  that  the  use  of  LaRC  conventional  safety  factors  of  'i  on  yield  and  4  on  ultimate 
could  not  be  maintained  utilizing  currently  available  metallic  alloys.  As  a  result, 
criteria  were  developed  which  would  allow  the  model  to  be  designed  to  lower  safety 
factors  without  compromising  structural  integrity.  The  use  of  lower  safety  factors  for 
design  necessarily  requires  more  in-depth  analysis,  with  particular  emphasis  on  the 
potential  for  brittle  fracture  failure. 

In  cases  where  fatigue  is  a  major  consideration,  allowable  cyclic  stress 
is  obtained  by  reducing  the  fatigue  strength  by  a  factor  of  2  and  the  analysis  must 
account  for  mean  stress  and  stress  concentration  effects. 


2 . 3  Fracture  Toughness 

For  purposes  of  material  selection,  al L  steel  alloys  for  critically 
stressed  components  must  have  a  fracture  toughness  (Kic)  of  at  least  85  ksi-int/2  at 

tost  temperature  in  the  as-built  condition.  In  lieu  of  Kjc,  Charpy  V-notch  (Cy^) 

criteria  are  given  in  ref.  5  in  terms  of  foot-lbs.  required  as  a  function  of  material 
minimum  tensile  strength.  Generally,  the  higher  the  tensile  strength,  the  greater 
C'vsj  V!l  1  lJf'  required.  For  example,  materials  having  tensile  strength  greater  than  95  ksi 
are  required  to  average  25  ft-lbs.  for  three  specimens.  Some  materials  do  not  undergo 
a  marked  drop  in  fracture  toughness  and  are  not  required  to  meet  the  Kic  and  Cv^ 

requirement.  These  materials  include  aluminum  alloys,  copper  and  its  alloys,  nickel 
and  its  alloys.  It  should  be  noted  that  the  Charpy  V-notch  requirement  is  aimed  at 
selecting  materials  for  use  at  high  stress  levels  and  serves  primarily  for  screening 
materials  and  should  not  be  used  for  eliminating  other  materials.  Also  Charpy  V-notch 
data  are  more  readily  available  than  Kj0  data  and  serves  as  a  compa ra t i vel y  easy  test 
oerti f icat ion . 


2 .4  Fracture  Mechanics  Analysis 

A  fracture  mechanics  analysis  is  required  to  estimate  the  acceptable  flaw 
size  in  the  actual  part  based  on  design  life  requirements.  This  can  be  used  as  a  basis 
for  establishing  the  non-destructive  examination  (NDE)  standards.  Alternatively,  given 
that  a  material  can  be  inspected  to  a  certain  flaw  size  standard,  the  screening  flaw 
size  is  used  in  the  fracture  mechanics  analysis  to  calculate  the  useful  life  (cycles  to 
failure)  compared  to  the  design  requirement.  A  key  element  in  the  fracture  assessment 
is  tie*  determ  i  na  t  i  on  of  NI)K  standards  which  will  assure  a  good  inspection. 


2 .5  Non-Destructive  Examination  Standards  for  Critically  Stressed  Cryogenic 
Model  Metallic  Alloys 

It  is  imperative  that  all  metallic  alloys  used  for  NTF  models  be  given  a 
100  percent  volumetric  nondestructive  examination.  The  presence  of  flaws  in  the  model 
structure,  particularly  for  highly  stressed  components  could  severely  jeopardize  the 
model  system  structural  integrity.  In  order  to  arrive  at  a  standard  which  meets 
criteria  for  performing  fracture  mechanics  analysis  and  for  materials  procurement, 
Kerry**  developed  ultrasonic  inspection  specifications  for  use  in  procuring  NTF  model 
materials.  Both  straight  beam  and  angle  beam  inspection  specifications  were  formu¬ 
lating.  Berry  developed  a  novel  method  for  use  as  an  angle  beam  reference  standard. 

The  use*  of  a  tetter  "l"  steel  die  stamp  was  found  to  be  a  very  simple,  cost  effective 
and  easy  standard  lo  use  for  this  type  of  inspection,  and  is  currently  being  used  by 
f.attr  f or  procurement  of  cryogenic  metallic  alloys.  The  radiographic  and  surface 
inspection  specifications  for  metallic  alloys  as  well  as  the  inspection  requirements 
for  composite  materials  are  given  in  reference  5. 


2.6  Stability 

Testing  at  higher  dynamic  pressures  (compared  to  most  conventional  high¬ 
speed,  low  Rfa  models)  requires  that  addpd  attention  be  given  to  aeroelastic  stability 
both  static  (divergence)  and  dynamic  (flutter).  For  testing  in  NTK,  a  safety  factor  of 
two(2)  is  required  against  divergence  and  flutter.  Stability  analysis  methods  are  left 
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to  the  user  and  should  reflect  state-of-the-art  methodology.  It  is  important  to  not*? 
that  th«  aeroe  las  t  to  analysis  should  inclij.J*'  balance  flexibility.  Based  on  »*xp**ri(*fii,i- 
t«»  date  in  iesiguirig  model  systi'tns  ,  The  chief  limiting  fai  tor  on  designing  to  the 
«l»*s  1  red  tost  envelope  is  divergence.  Also  many  systems  are  likely  to  be  ha  l  a  nee 
1  oad  - 1  im  l  ted  as  **•1  l  .  The  stability  criteria  are  summarized  m  table  1. 


3 . 0  Engine ering  Design  and  Fabrication  Research  and  Development 


The  principal  areas  of  investigation  are  discussed  in  this  section.  In 
general,  a  description  of  the  various  activities  is  provided  and  where  available, 
quantitative  and/or  qualitative  data  obtained  from  R&D  work  conducted  to  .fate  are 
presen  ted . 


3 . 1  Fatigue  and  Fracture  Toughness  Characterization  of  Primary  Steel  A l 1 o y s 


Over  the 
tests  were  conducted  at 
systems.  Of  particular 
Nitron ic  10  (Pathfinder 
250  maraging  steel. 


past  several  years,  fatigue  crack  growth  and  fracture  toughness 
LaR('  for  several  candidate  materials  for  use  in  NTF  model 
significance  is  the  work  reported  by  Newman  and  I.isagor'’  on 
l  material)  stainless  steel  and  the  ik  Ni  grades  2tm  and 


Fracture  toughness  test,  results  on  the  Nitronic  10  in  both  the 
as-received  and  stress  relieved  condition  more  that  met  the  cryogenic  models  toughness 
criteria  (85  ksi-in^/2)  for  this  typo  of  alloy.  Whereas,  it  was  determined  that  the 
250  grade  maraging  steel  did  not  meet  the  aforementioned  criteria,  the  200  grade 
maraging  steel  was  found  to  bo  marginal,  but  acceptable. 


The  need  for  adequate  mat*?rial  strength,  fatigue,  and  fracture  toughness 
properties  for  model  systems  to  be  tested  in  the  NTF  requires  that  a  comprehensive  data 
base  be  established  at  cryogenic  temperatures.  For  example,  in  the  case  of  the  18  Ni 
grade  200  maraging  steel,  fatigue  crack  growth  propagation  data  were  not  available  at 
cryogenic  temperatures.  Also,  fatigue  testing  of  this  material  had  not  been 
accomplished  at  cryogenic  temperatures.  Because  of  the  heavy  investment  in  this 
material  for  NTF  balances8  and  the  large  number  of  NTF  models  utilizing  this  material, 
it  became  imperative  that  the  material  properties  be  characterize'!  at  cryogenic 
temperatures,  for  the  appropriate  heat  treatments,  including  the  grain  refined 
condition  (discussed  in  a  subsequen t  section  in  this  lecture).  (n  particular,  the  VTF 
strain  gage  balance  design  criteria  requires  a  safe-life  design  for  which  fatigue  data 
were  needed  for  useful  life  assessment.  In  addition,  these  tests  were  designed  to 
obtain  both  ('harpy  V-notch  and  fracture  toughness  data.  This  information  can  also  be 
used  to  evaluate  the  adequacy  of  the  empirical  relationship  between  the  fracture  tough¬ 
ness  parameter  Kj(,  and  Charpy  V-notch  impact  energy  Cv^t  (see  ref.  9).  Also  cryogenic 

'•rack  growth  data  were  needed  to  perform  the  fracture  mechanics  assessment . 


The  current  test  program  utilizes  approximately  225  (in  total)  fatigue, 
fracture  toughness,  Charpy  V-notch,  and  tensile  specimens  for  the  18  Ni  200  grad** 
maraging  steel  alone.  Testing  was  done  at  both  room  and  cryogenic  tempera tu res .  A 
similar  test  program  is  planned  for  the  A-238  and  13-8  Mo  stainless  steel  materials. 
The  specimens  were  taken  from  both  plate  and  bar  stock  material  with  orientations  as 
illustrated  in  figures  1  and  5. 


3.1.1  18  Ni  Grade  200  Maraging  Steel 

Results  of  fatigue  and  fracture  toughness  testing  of  18  Ni  Grade  200 
Maraging  Steel  are  reported  by  Wagner  in  reference  10.  Klastic  modulus  was  statically 
let.rmined  using  the  dead  weight  method  at  room  tempera ture ,  at  -275  F  and  at  inter¬ 
mediate  test  tempera  tur**  of  -lOO^F  and  -200°F  as  given  in  table  2.  As  expected,  there 
i^  a  slight  increase  in  modulus  with  dei  reusing  t»?mpera ture .  Trends  in  tensile  test 
r"viOs  i  r*-  given  in  table  3  and  are  consistent  with  tensile  properties  reported  by  the 
ir.;in  ifiir’Mn-r,  The  tonsil**  properties  of  18  Ni  steel  achieved  through  grain  refining 
•i  r**  also  shown  in  tabl»»  3.  (’harpy  V-notch  data  are  given  in  figure  6  for  the  plate 
specimens  inf  reflect  ,t  slight  gain  in  energy  absorbed  n  the  grain  refined  condition 
i  f  -2/5 ’F  tor  all  urcnfaf  ions  chosen.  In  addition,  fatigue  cracking  of  sharp-notch 
bend  specimens  was  carried  out,  at  room  and  cryogenic  temperature  to  establish  crack 
growth  behavior  at  various  stress  intensity  ( AK i  levels.  Subsequently,  these  specimens 
were  loaded  r . »  failure  r .  j  determine  fracture  toughness  values.  Fracture  toughness  data 
f '  Kj,  )  on  bar  and  plate  material  are  given  in  figure  7. 

Fatigue  data  ar»*  presented  in  figure  K  for  both  room  and  cryogenic 
f  ertipe  r  1 1  u  res  (-375  ’Fj.  The  material  exhibits  good  fatigue  strength  properties  with  the 
endurance  limit  (fatigue  st  -ngtli  at.  l()f>  cycles)  being  approximately  50  percent  of 
ultimate.  Also,  it  should  be  noted  that,  the  material  exhibited  excellent  resistance 
against  crack  initiation,  which  is  of  particular  significance  for  use  in  NTF  balances. 

Although  the  18  Ni  200  Grade  material  is  seen  to  be  marginal  insofar  as 
meeting  the  frartur**  toughness  criteria,  the  excellent  strength,  dimensional  stability 
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(Wigley)*1  and  machining  properties,  make  it  a  good  choice  for  NTF  models.  Also,  the 
potential  for  toughness  improvement  via  grain  refinement  makes  this  material  even  more 
attractive. 


3 . 2  Grain  Refinement 

Many  existing  commercial  high  strength  steels  need  additional  fracture 
toughness  to  meet  current  criteria  for  use  in  NTF  model  systems  at  test  temperatures 
approaching  that  of  liquid  nitrogen  (-320°F).  A  program  was  conducted  at  l.a'tr  to 
explore  the  possibility  of  “toughness  enhancement”  for  available  high  strength  st**cU 
through  the  use  of  multi-step  heat  treatments  to  refine  or  reduce  the  grain  size 
(ref.  12).  The  relationship  between  fine  grain  size  and  improved  low  temperature 
toughness  has  boon  long  established,  however,  a  suitable  technique  for  developing  this 
fin**  grained  structure  in  high  strength  martensitic  and  maraging  steels  was  desired. 

Grain  refining  heat  treatments  for  the  medium  strength  ferritic  alloys 
{•V-I2  Si  and  9  Si  by  Worr  l  s  1 1  have  demonstrated  an  excellent  combination  of  strength 
and  toughness  for  thes--  alloys  ut  cryogenic  temperatures.  The  LaRC  program  goal  was  t<> 
determine  if  similar  improvements  could  be  realized  for  the  higher  strength  martensitic 
alloys  with  particular  emphasis  on  HP  9-4-20  and  18  Ni  Grade  200  maraging  steel. 


3.2.1  Process 

The  grain  refining  process  consists  of  multiple  heating  and  cooling 
cycles  alternating  between  the  austenite  ( y)  and  the  dual-phase  austen i te-p 1  us- fer r i te 
(  y  *■  a)  region,  followed  by  rapid  cooling  to  reduce  the  grain  size.  The  grain  refine¬ 
ment  cycles  are  followed  by  annealing  and  age  hardening  or  tempering  as  required  to 
restore  strength.  (See  fig.  9.)  The  grain  refining  tempe ra t u res  wore  determined  from 
the  alloy  phase  diagram  where  available,  and  from  the  iron-nickel  equilibrium  and 
transformation  diagrams  (figures  10  and  11).  Cycle  times  (time  at  temperature)  were 
set.  at  l  hour  for  the  12  in.  .x  12  in.  x  1  in.  (approximately  -10  lbs.)  specimens  used 
in  this  investigation  with  the  specimen  temperature  being  monitored  by  a  thermocouple 
installed  in  a  hole  drilled  to  1/2  plate  thickness. 

The  five  alloys  studied  in  this  investigation  were  9  Ni  ferritic  alloy, 
HP  9-1-20  and  HP  9-1-30  (Ni-Co  high  strength  martensitic  alloys),  AF-1410  (Ultra-high- 
strength  pseudo-marag i ng  steel);  and  18  Ni  200  Grade  ( U 1 t ra-h i gb-s treng th  fully 
maraging  steel).  The  grain  sizes  of  all  alloys  except  AF-1410  were  reduced  signifi¬ 
cantly  by  this  technique  with  the  greatest  reduction  being  observed  for  HP  9-1-20  and 
18  Ni  200  Grade.  The  grain  sizes  of  these  two  alloys  were  reduced  t<>  I/tO  of  original 
size  or  smaller,  (GO  to  80  micron  grains  being  reduced  to  6  to  8  microns  was  typically 
observed  for  these  alloys  (figures  12  and  13)). 
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3.2.2  Properties  Achieved 

The  toughness  as  measured  by  charpy  impact  energy  tests  (Cy^)  increased 

for  all  alloys  investigated  at  both  room  temperature  and  -320°F.  The  largest  increase 
in  Cy^  at  -320°F  was  observed  for  HP  9-4-20  with  an  increase  of  180  percent 
(13-14  ft. -lbs.  to  38-39  ft. -lbs.).  The  CyN  energy  of  18  Ni  200  Grade  increased 
f.2  percent  at  -320®F  (15-16  ft, -lbs.  to  24-25  ft. -lbs.).  Although  a  71  percent 
increase  in  CyN  *as  observed  for  AF-1410  at  -320°F  (7  ft. -lbs.  to  12  ft. -lbs.)  this 
increase  could  not  be  attributed  to  alterations  of  the  grain  structure  and  must  involve 
some  other  mechanism  in  its  complicated  alloy  system.  The  Cy^  and  tensile  strength 
data  for  all  alloys  are  summarized  in  figure  14. 

The  yield  strengths  of  the  various  alloys  at  -320°F  were  altered  by 
grain  refining  f rom  a  reduction  of  25  percent  for  HP  9-4-20  an  increase  of  5  percent 
for  the  18  Ni  200  Grade.  The  tensile  strength  variation  for  the  grain  refined 
materials  ranged  from  a  3  percent  loss  for  HP  9-4-20  to  a  7  percent  increase  for  the 
18  Vi  200  Grade  at  -320°F.  Both  materials  displayed  increases  of  over  100  percent  in 
th**ir  elongation  at  -320°F  in  the  grain  refined  condition,  with  reduction  in  areas 

being  increased  38  percent  for  HP  9-4-20  and  76  percent  for  the  18  Ni  200  Grade. 

The  grain  refined  HP  9-4-20  disp’ayed  a  completely  "dimpled  rupture" 
typ**  of  fracture  at  -320°F  compared  to  the  normal  quasi -cleavage  fracture  mode  for  this 
material  in  the  s toe k  condition  (fig.  15).  The  fracture  mode  observed  for  18  Ni  200 
Grade  at  -320® F  for  both  stock  (as-received)  and  grain  refined  material  appeared  to  be 
micro.  >id  coalesence  (typical  of  alloys  of  this  strength  level)  with  a  larger  number  of 

small  fracture  sites  and  more  extensive  plastic  straining  between  microvoids  being 

observed  for  the  grain  refined  material  (fig.  1*5).  The  fracture  surfaces  observed  for 
both  ’Hoys  are  indicative  of  a  significant  improvement,  in  toughness  at  -320°  F  compared 
to  tue  stock  material. 
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Due  to  th*»  largt*  increase  in  toughness  observed  in  HP  9-4-20  and  the 
improved  strength  and  toughness  observed  in  18  Ni  200  Grade  these  two  alloys  have  been 
chosen  for  further  grain  refining  experiments  at  LaRC.  Also,  dimensional  stability 
studies  are  currently  underway  on  grain  refined  HP  9-4-20  to  determine  its  suitability 
for  high  precision  components  at  -320°F.  Future  plans  call  for  the  expansion  of  grain 
refining  to  other  alloys  groups  such  as  the  precipitation  hardened  stainless  steels  and 
the  maraging  stainless  steels. 


3.2.3  Machinabl 1 i ty 


An  unexpected  but  high.-/  beneficial  side  benefit  from  grain  refining  was 
improved  mach i nab i l i ty .  The  machinabil ity  of  all  alloys  was  improved  after  receiving 
the  grain  refining  treatment  with  higher  removal  rates  and  smoother  surfaces  being 
produced  compared  to  the  stock  materials.  This  improved  mach i nabi 1 i t y  should  reduce 
fabrication  cost  significantly  for  high  precision  cryogenic  wind-tunnel  models. 


3.2.4  NTF  Model  Application 


As  a  result  of  the  experience  gained  from  the  grain  refinement  studies, 
the  process  was  applied  to  the  fuselage/wing  section  of  the  .01  Shuttle  model  shown  in 
figure  17.  In  this  application,  approximately  450  pounds  (4  x  16  x  24  in.)  of  18  Ni 
Grade  200  in  the  annealed  condition  was  grain  refined  per  figure  9  through  step  5 
(anneal).  Grain  size  reductions  with  equivalent  to  that  experienced  with  the  50-pound 
specimens.  A  major  benefit  derived  from  this  application  was  improved  mach i nab i 1 i ty . 
It  is  estimated  that  the  machining  costs  for  this  component  were  reduced  by 
25  to  30  percent,  which  is  a  significant  savings.  Also,  dimensional  stabil  y  was 
found  to  be  excellent  throughout  the  machining  process. 


3 . 3  12  Percent  Ni  Cryogenic  Steel  Production  Development  Program 


3.3.1  Previous  Research 


An  experimental  iron  based  alloy  developed  by  NAS/1  at  the  Lewi,  Research 
Center  (LeRC)1^  combines  the  normally  divergent  properties  of  high  strength  and  high 
toughness  at  cryogenic  temperatures.  The  research  at  LeRC  revealed  that  high  toughness 
at  cryogenic  temperatures  could  be  achieved  in  Fe-12Ni  alloys  through  the  addition  of 
small  amounts  of  reactive  metals  such  as  .41,  Nb ,  Ti ,  and  V.  Further  research  at  LeRC 
by  Stephens  and  Witzkel6,l7  demonstrated  that  high  yield  strength  (200  ksi)  together 
with  high  toughness  (200  ksi-in1/2)  could  be  achieved  at  -320°F  in  a  single  alloy  by 
thermomechan ica 1  processing  (TMP)  or  by  precipitation  hardening  through  the  addition  of 
copper.  Of  the  35  different  alloy  compositions  investigated,  two  were  deemed  worthy  of 
further  study,  Fe-12  Ni  A1  and  Fe-12  Ni  Ti.  Both  alloys  contain  12  percent  Ni  and 
either  .5  percent  A1  or  .25  percent  Ti  with  the  balance  being  iron. 

Close  control  of  alloy  composition  with  low  interstitial  impurities  must 
be  maintained  if  the  high  st rength/toughness  properties  are  to  be  realized.  Close 
chemistry  and  impurity  control  had  been  realized  in  2  lb.  laboratory  ingots  at  I.eRC  and 
in  larger  350  lbs.  ingots  produced  by  Carneg ie-Mel Ion  Institute  of  Research  on  contract 
to  LeRC. 18  The  Langley  program  goal  was  to  produce  large  mul t i-tonnage  ingots  and 
process  them  into  1-,  2-,  and  4-inch  thick  plates  and  6-  and  4-inch  diameter  bars.  The 
program  sought  to  use  established  commercial  steel  making  processes  and  techniques  to 
gain  an  experience  base  for  possible  future  commercialization.  Carnegie-Mel Ion  was 
awarded  a  contract  by  LaRC  for  the  production  of  approximately  10,600  lbs.  (5,300  lbs. 
each)  of  the  two  alloys. 


3.3.2  Production 


Carnegie-Mel Ion  proposed  producing  the  material  by  air  induction  melting 
(AIM)  with  argon-oxygen  decarburization  (A0D)  followed  by  electroslag  remelting  (ESR) 
to  ensure  high  purity  material.  The  hot  rolled  plates  and  bars  are  then  strengthened 
by  TMP  (cold  rolling  and  annealed).  The  TMP  proceed  was  chosen  over  the  copper 
precipitation  hardening  due  to  the  simpler  alloy  composition.  The  chemical  composition 
specification  for  the  alloys  is  shown  in  table  4  and  illustrates  the  close  control  of 
alloying  elements  and  impurities  desired. 

The  program  was  divided  into  three  phases:  Phase  1.  Initial  melting  of 
approximately  14,000  lbs.  of  charge  material  using  AIM/AOD  to  produce  two  6,400  lbs. 
ingots  (one  of  each  alloy).  Phase  2.  Pilot  ESR  program  of  approximately  400  lbs.  of 
each  alloy  with  TMP  to  verify  that  the  desired  properties  can  be  obtained.  Phase  3. 
Production  ESR  melt  and  TMP  of  remaining  material  to  produce  required  bar  and  plate 
material . 

The  chemical  analysis  of  the  large  ingot  initial  melts  showed  all 
alloying  elements  and  impurities  within  the  desired  range  except  for  carbon.  The 
anal  sis  showed  70  parts  per  million  (PPM)  for  the  Ti  alloy  and  30  PPM  for  the  A1  alloy 


compared  to  the  400  to  doO  and  1O0  to  500  PPM  ranges  desired,  respectively.  (‘See 
table  41.  Stephens1  l  had  reported  a  severe  loss  of  low  temperature  toughness  for 
12  percent  Ni  steels  if  the  carbon  content  is  below  100  PPM  (see  fig.  18  taken  from 
ref.  19).  Carneg le-Me 1  Ion  proposed  correcting  the  carbon  deficiency  during  the  HSR 
phase  through  the  addition  of  carbon-rich  iron  shot.  This  technique  was  verified  in 
the  HSR  pilot  mel t  (phase  2)  and  was  incorporated  into  the  final  production  melt. 


3.3.3  Propertiei  Achieved 

Fracture  toughness  properties  obtained  from  the  final  production  melt 
i  two  (5,400  lb.  ingots)  wer*.-  greater  than  anticipated  and  are  illustrated  in  figure  19. 
In  particular,  the  Titanium  alloy  achieved  values  greater  than  400  ksi-in1/2  while  the 
Aluminum  alloy  was  in  the  range  of  350  ksi-inl/2.  These  toughness  values  were  accom¬ 
panied  by  some  loss  in  strength  (when  compared  to  the  expected  values).  Since  the 
toughness  was  higher  than  needed,  the  material  annealing  schedule  was  increased  by 
approximately  122nF  for  the  Titanium  alloy  and  275°F  for  the  Aluminum  alloy  in  an 
attempt  t>  improve  strength  properties,  while  reducing  toughness.  The  expected  tough¬ 
ness,  however,  should  still  far  exceed  the  requirements  and  allow  for  higher  strength 
iesign  applications. 

The  material  in  the  form  of  plate  stock  is  in  the  process  of  final 
delivery  to  l.aRC,  Studies  will  be  conducted  to  examine  the  dimensional  stability 
'previously  discussed  by  Wigley)20  machining  characteristics,  and  general  suitability 
of  the  material  for  construction  of  models  (including  balances)  for  NTF.  However,  the 
delivered  finished  plates  is  expected  to  offer  a  combination  of  strength  and  toughness 
at  -320°F  unmatched  by  any  existing  commercial  available  alloy. 


3.4  Filler  Materials 


The  high  Reynolds  Number  capability  of  the  NTF  has  imposed  stringent 
requirements  for  model  surface  finishes.  At  present,  filled  areas  for  NTF  models  are 
expected  to  require  high  quality  finishes  in  the  range  of  15  to  20  micro  inches  rms. 
Fillers  that  are  commonly  used  to  smooth  imperfections  such  as  joints  and  fastener 
holes  for  conventional  ( non-cryogen ic )  wind  tunnel  models  include  polyester  resins, 
plasters,  and  waxes,  which  are  generally  unsuitable  for  use  in  the  NTF  due  to  low 
temperature  embrittlement  and  thermal  mismatch. 

Previous  work  at  LaRC  during  the  Pathfinder  r  program  identified  & 
filler  material  composed  of  EA-934  epoxy  resin  plus  aluminum  powder  mixed  1:2  by  weight 
(1  part  epoxy.  2  parts  aluminum)  as  being  a  suitable  filler  material  for  cryogenic 
models.  Subsequent  studies  at  LaRC21  and  experience  by  private  industry22  have  found 
that  this  mixture  while  having  good  adhesion  and  retaining  a  reasonable  surface  finish 
at  -320°F,  has  a  coefficient  of  expansion  significantly  greater  than  the  commonly  used 
metals  for  model  construction  (ref,  21).  This  expansion  mismatch  leads  to  depressions 
in  the  filler  material  beLow  the  desired  contour  and  can  result  in  bondline  failure  of 
thick  sections  (fig.  20). 

The  criteria  for  the  current  cryogenic  filler  material  investigations  at 
LaRC  are  as  follows:  (1)  The  filler  material  must  closely  match  coefficients  of 
expansion  for  metals  used  in  model  construction;  (2)  be  easily  hand  worked  and  readily 
removeable  for  model  changes  and  maintenance;  (3)  provide  a  smooth  high  quality, 
finish  (15-20  rms)  over  the  temperature  range  of  the  NTF,  and  (4)  remain  structurally 
intact  during  thermal  and  structural  load  cycling. 

In  the  current  program  (see  fig.  21),  a  laser  interferometer  was  used  to 
measure  the  thermal  contraction  and/or  expansion  of  candidate  filler  materials  over  the 
temperature  range  (+150°F  to  ~275°F).  This  laser  technique  is  a  noncontact  system 
which  permits  high  accuracy  measurements  of  both  the  absolute  expansion  of  the  filler 
material  itself  and  the  relative  expansion  between  the  filler  material  and  the 
structural  metals. 

Tarbon-mod i f led  epoxies  have  emerged  as  the  most  promising  filler 
materials  due  to  the  low  expansion  coefficient  of  carbon.  Carbon  powders  (in  the  form 
of  100  micron  carbon  spheres)  have  lowered  the  expansion  of  epoxies  to  the  range  of 
metals,  while  at  the  same  time  improves  the  thermal  conductivity.  Also,  the  carbon- 
modified  epoxies  do  not  appear  to  be  susceptible  to  low  temperature  embrittlement  and 
carbon  makes  epoxies  easier  to  hand  work  and  remove  compared  to  metal  filled  epoxies. 

To  date  an  excellent  match  for  6061-T6  aluminum  alloy  has  been  found 
using  HA-9309  epoxy  plus  carbon  in  a  ratio  of  2:1  (2  parts  epoxy  plus  1  part  carbon)  by 
weight.  Higher  carbon  ratios  offered  no  significant  reduction  in  thermal  expansion 
coefficient  and  should  not  be  used  because  of  potential  bond  strength  reductions. 

The  carbon  modified  epoxies  when  sanded  smooth,  produce  finishes  of  50 
to  80  rms  compared  to  30  to  40  rms  for  the  metal  filled  epoxies.  The  surface  finish  of 
the  carbon/epoxy  can  be  improved  by  coating  the  surface  of  the  sanded  resin  with 
lacquer  glazing  compound.  This  coating  dries  quickly  ( approx imatel y  5  minutes)  and  can 
be  readily  sanded  and  hand  rubbed  to  a  15  to  20  rms  finish,  Cryo  cycling  of  test 
plates  using  epoxy / carbon  fillers  with  lacquer  finishes  have  shown  no  deterioration  of 
the  surface  quality. 
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A  ri-minu'*'  epoxy  (mudi  t  ird  in  the  same  fashion  as  the  structural 
a  ih**s  i  v»»s )  has  be»*n  i  n  *  1  udod  in  the  testing  program.  The  modified  epoxy  (Hardman 
■’K\lra  Fast  Setting")*  with  carbon  additions,  appears  to  be  most  suitable  for  applica¬ 
tion  to  fastener  holes  requiring  frequent  removal  .  ('are  should  be  exercised  to  avoid 
usage  of  this  system  <>n  critical  aerodynamic  surfaces  as  the  contraction  differential 
between  the  system  and  the  parent  metal  will  cause  surface  dimpling. 

A  room  temperature  curing  polyiinide  adhesive  ("Super  Metal")*  was  also 
studied.  The  Super  Metal  adhesive  contains  iron  and  talc  particles  as  fillers,  and  has 
in  advertised  thermal  expansion  coefficient  nearly  matching  that,  of  the  aluminum 
alloys.  The  adhesive  was  tested  with  and  without  the  uddition  of  carbon  spheres. 

Super  Metal  matches  aluminum  alloys  without  modification  and  with  only  modest  additions 
of  carbon  should  be  suitable  for  most  cryogenic  wind  tunnel  model  app 1 ica t ions . 

However,  more  testing  will  he  done  before  carbon-modified  Super  Metal  is  used  for  NTF 
mode l s . 


3 . 5  Soldering 


Solders  have  been  used  in  '  'even t iona 1  wind  tunnel  models  for  component 
arid  instrumentation  attachment  and  for  filling  <>t  orifice  tube  routing  grooves  and 
surface  flaws.  Use  of  solders  on  cryogenic  wind  tunnel  models  is  attractive  because  of 
the  thermal  conductivity  compatibility  with  parent  materials,  good  bonding  strength, 
and  low  temperature  (<  GOO^F)  application. 

Generally.  solders  selected  for  eonven t iona 1  wind  tunnel  models  are  high 
Ml  tin  content  as  tin  enhances  wettability  and  strength.  In  f  ort  una  t«*l  y ,  low  tempera¬ 
ture  usage  of  high  tin  solders  could  lead  to  joint  failure  due  to  two  factors:  (1)  Low 

temperatures  trigger  an  allotropic  t rans f nrma t ion  of  the  familiar  "white  tin"  to  a 
"gray  tin"  powder  and  (2)  tin  and  tin  alloys  suffer  low  temperature  embrittlement. 
These  problems  have  led  to  a  test  program  to  characterize  the  properties  of  solders  and 
to  determine  their  suitability  for  usage  on  cryogenic  wind-tunnel  models. 

A  solder  consisting  of  95  percent  tin  and  5  percent  silver,  which  had 
been  previously  recommended  for  cryogenic  applications  (ref.  22)  has  now  been 
identified  as  being  susceptible  to  the  "gray  tin"  transformation.  A  potential 
replacement  for  this  alloy  is  a  widely  used  solder  consisting  of  :>5  percent  tin  and 
percent,  antimony.  The  antimony  is  recognized  as  a  retardant  to  the  formation  of 
"gray  tin"  (ref.  23).  Testing  will  be  conducted  n  this  alloy  to  establish  its  usage 
1  ini  ta  t.  ions  . 


Other  solder  alloys  being  characterized  as  t*>  suitability  and  cryogenic 
mechanical  properties  include  50  percent  tin  -  19.5  percent  lead  -  0.5  percent 
antimony,  37.5  percent,  tin  -  37.5  percent  lead  -  25  percent  indium,  and  50  percent 
load  -  5o  percent  indium  alloys.  Lead  and  indium  have  a  face-centered  cubic 
crystalline  structure  which  remains  ductile  at  temperatures  below  those  imposed  on 
models  by  the  NTF. 


3 . 6  Braz i ng 

Roth  silver  and  diffusion  brazing  were  investigated  in  the  design  study 
of  reference  1.  As  pointed  out  in  the  reference,  the  major  problems  associated  with 
model  cons  f.  rue  t  ion  and  high  temperature  brazing  are  (1)  exposure  of  material  to  high 
temperatures  which  may  cause  warpage  and/or  change  in  microstructure;  (2)  machining 
and/or  welding  after  brazing;  and  (3)  heat  treatment  proe*?ssing.  In  an  attempt  to 
avoid  these  kind  of  problems,  a  feasibility  study  was  carried  out  fref.  1)  on  the  use 
of  diffusion  brazing  for  mechanical  joining  of  parts.  In  this  application  for  18  Ni 
200  grade  managing  steel,  lap  shear  coupons  were  tested.  Aluminum  foil  was  sandwiched 
between  plates  and  subjected  to  elevated  temperatures  up  to  900 "F  (below  the  aged  heat 
treat  for  the  material).  The  study  was  inconel uslv*  . 

At  LaRC,  the  300  series  pressure  tubes  and  Nitronie  40  plugs  were 
success  ru  l  1  y  brazed  with  the  Nitronie.  U)  wing  material  for  the  NTF  Pathfinder  I  model. 
The  braze  alloy  used  was  Gold-Ni  (82  percent  An,  18  percent  Vi)  which  has  a  melting 
point,  of  1750^"  which  is  below  the  heat  treat,  temperature  for  tin*  material  . 

Additionally  proof-of -concept  studies  were  carried  out  at  LaRC  on  two  *  ng  spar 
specimens  in  which  300  series  tubes  were  brazed  into  grooves  to  simulate  '  ibe  installa¬ 
tion  in  the  Pathfinder  II  model.  (See  fig-  22.)  The  wing  spar  specimens  were 
stressed  up  to  80  ksi  in  bending  at  temperatures  approaching  -300 °F  for  approximately 
5000  cycles  each  without  detrimental  effects. 

More  recently,  problems  wre  encountered  at  LaRC  in  brazing  300  series 
stainless  steel  tubes  into  holes  drilled  in  18  Vi  200  grade  managing  steel  for  the 
X-29A  model  instrumented  wing.  The  initial  approach  was  t <>  select  a  braze  material 


Use  of  trademarks  or  names  of  manufacturers  in  this  report  does  not  constitute  an 
official  endorsement  of  such  products  or  manufacturers,  either  expressed  or  implied, 
by  the  National  Aeronautics  and  Space  Administration. 


which  could  be  used  at  or  slightly  above  the  solution  annealed  heat  treat  temperature 
H500°F)  in  order  to  avoid  potential  grain  growth  and  degration  of  mechanical  proper¬ 
ties.  Braze  alloys  tried  were  58  Ag  32  Cu  10  Pd,  75  Au  20  Cu  5  Ag ,  and  56  Ag  42  Cu 
2  Ni .  Problems  were  encountered  in  that  100  percent  leak  proof  joints  could  not  be 
achieved.  Both  wire  and  powder  braze  material  were  used  either  alone  or  in  combina¬ 
tions.  Problems  encountered  were  poor  wettability,  lack  of  flow,  voids,  etc.  These 
problems  revealed  the  sensitivity  of  the  brazing  operation  to  processing  (cleaning, 
etc.)  as  well  as  reaction  between  the  braze  alloy  and  the  18  Ni  Grade  200  material  for 
this  type  of  application.  Finally,  the  Gold-ni  braze  material  alloy  used  for 
Pathfinder  I  was  determined  to  be  acceptable  for  this  application  via  specimen  testing 
which  utilized  the  wire  in  combination  with  powder  braze  material.  The  problem, 
however,  is  that  the  braze  cycle  exposes  the  material  to  1800°F  for  a  short  time  dura¬ 
tion,  and  is  in  the  temperature  range  that  can  trigger  grain  growth  in  the  material 
which  should  be  avoided.  However,  the  determination  was  made  to  employ  this  braze 
material  based  on  observing  changes  in  grain  size,  running  charpy  specimens  through  the 
braze  cycle,  evaluating  the  design  for  potential  loss  in  toughness  via  a  fracture 
mechanics  analysis,  and  making  the  determination  that  mechanical  properties  could  be 
recovered  through  the  process  of  grain  refinement. 

The  results  of  experience  to  date  in  brazing  applications  indicate  that 
the  process  will  be  highly  dependent  on  braze  material  selection,  preparation,  and 
thermal  management  for  each  type  of  application  and  material,  and  warrants  process 
development  and/or  proof-of-concept  testing. 


4.0  Conclusions 


Design  Criteria  for  NTF  models  along  with  the  results  of  metallic  materials 
characterization,  grain  refinement  for  toughness  enhancement,  new  steel  alloy 
development  and  filler  and  solder  materials  research  have  been  reviewed.  The 
principal  conclusions  to  be  taken  from  the  experience  at  LaRC  are  as  follows: 

1.  Design  Criteria  must  provide  the  flexibility  for  designing  to  low  safety 
factors  without  compromising  structural  integrity. 

2.  NTF  models  have  been  designed  to  vhe  new  criteria  and  successfully  tested. 

3.  More  in-depth  design  analysis  and  stringent  material  non-destructive 
examination  standards  are  required  for  NTF  models. 

1.  Fatigue  and  fracture  toughness  test  programs  being  conducted  at  LaRC  will 
establish  the  mechanical  properties  data  base  for  primary  steel  alloys  being  used  for 
NTF  models. 

5.  .xtension  material  properties  investigations  show  Nitronic  40  and  A-286 
stainless  steel  to  be  a  highly  acceptable  stainless  steel  for  NTF  application. 

6.  18  Ni  Grade  200  Maraging  Steel  is  found  to  be  marginal  with  respect  to 
fracture  toughness  criteria  but  highly  desirable  because  of  high-strength, 
dimensional  stability,  and  manufacturability.  All  NTF  balances  are  made  from  th?s 
material  as  well  as  many  NTF  models  and  stings. 

7.  Grain  refinement  is  found  to  be  both  effective  and  feasible  for  improving 
fracture  toughness  properties  in  high  strength  commercially  available  steel  alloys. 

A  highly  beneficial  side  effect  of  grain  refinement  is  improved  mach i nabi 1 i ty . 

8.  A  new  12  percent  Ni  alloy  having  exceptionally  high  fracture  toughness,  and 
excellent  strength  properties  has  been  successfully  manufactured.  Both  an  aluminum  and 
Titanium  alloy  were  manufactured  in  plate  stock.  Additional  work  is  underway  to 
evaluate  mach i nab i 1 i ty  and  dimensional  stability  characteristics  for  the  material(s). 

9.  Several  acceptable  filler  materials  for  use  in  NTF  model  construction  have 
been  identified.  The  particular  choice  of  fillers  is  highly  dependent  upon  he 
application.  Further  work  is  being  done  to  provide  better  surface  finishes  over  filled 
areas  which  are  aerodynami cal ly  critical. 

10.  Acceptable  low  temperature  and  high  temperature  solders  continue  to  be  a 
problem.  Only  one  low  temperature  solder  is  considered  acceptable  at  this  time.  A 
number  of  high  temperature  solder  (braze)  alloys  have  been  studied  and  found  to  be 
highly  process  dependent  for  use  *  th  different  metallic  materials. 
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TABLE  1 

NTF  MODEL  SYSTEMS  DESIGN  CRITERIA  SUMMARY 


DESIGN  ELEMENT 

STRENGTH  (STRESS) 
Method  1 


Method  2 


FATIGUE 


REQUIREMENT 

Compound  Stress  (Axial  plus  Bending) 

•  Sa  <  Sy/3  or  Sult/4 
whichever  is  smaller 

Shear 

•  Ta  <  Sy/6 

Membrane 

•  Sm£l  *  F  i  Sy/2 

where  Fj  =  0.8  [2  -  Sy/Sujt] 

•  Austentic  and  Nickel  Alloys 

Sma  <  2/3  Sy  or  1/3  Sult 
whichever  is  smaller 

Bending 

SBa  =  1-1/2  Sma 
Shear 

Ta  <  1/2  Sma  or  1/2  SBa 
(Based  on  yield) 

Thermal 

Algebraically  added  to  Mechanical 
Combined  (Mechanical  plus  Thermal) 

Shear 

Ta  <  syield 
Normal 

Sa  <  Syield 

(1)  -  Construct  Goodman  Diagram  which  reflects 
reduction  in  fatigue  strength  by  a  factor 
of  2,  use  for  allowable  cyclic  stress. 

or  use 


(2)  Calculate  cyclic  stress  from  fixed  displace¬ 
ment  cyclic  strain  data,  by  applying  safety 
factor  of  2  on  fatigue  strength  (stress  or 
strain)  or  20  on  cycles  -  whichever  gives 
most  conservative  results. 

-  In  all  cases  fatigue  reduction  factors  are 
to  be  applied,  (e.g.,  stress  cone.,  surface 
finish,  etc . ) 


4 


Note:  Material  strength  and  stiffness  properties  at  test  temperature  may  be  used 


:  ^  S  [ .  A  i  !  M !  \  !*  RKgU  I  R  KM  KNT 

MtAiT  Hi  Kj(.  =  S5  ksi-in'/2 

*  C‘vN  (ft- lbs.) 

Minimum  Avora  ge 

Tensile  Strength  (3  Spec  i  mens )  Minimum 

<  65  ksi  13  10 

65  -  75  ksi  15  12 

75  -  05  ksi  20  15 

>  95  ksi  25  20 

Aluminum  Alloys,  Copper  and  its  Alloys,  and 
Nickel  and  its  alloys  -  No  Requirement. 

-  Perform  Fracture  Mechanics  Analysis 

-  Determine  Screening  Flaw  Ri/e 

-  Prod  let  hi  f  e 


STABILITY  -  Aoroelastic  Stability 

-  Safety  Factor  of  2  Against  Divergence 
and  Flutter  (Basel  on  Test  Dynamic 

Pressure) 

-  3uckl i ng 

fallow  <  1/2  Shuck  ling 


*  CyN  used  primarily  for  selecting  acceptable  metallic  alloys.  Can  be  used  if  Kj 
data  not  available. 
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Symbols 

S  Normal  stress 

x  Shear  stress 


Subscripts 

a 

R 

m 

y 

Ult 


A1 lowab  le 

Bending 

Membrane 

Yield 

Ultimate 


I 


Table  2  Young's  modulus  for  18  Ni  200  grade 
ma raging  steel 


Tempera  t  are 


Young ’ s  Modu 1  us 

lp6  psj 


Table  3  Trends  in  18  Ni  200  grade  maraging  steel 
tensile  properties 


Yield 

Strength,  lilt.  Strength 
Condition  Temp.  °F  ksi _ _ ksi _ 

As-Received  Room  200  205 

Grain  Refined  Room  215  220 

As-Received  -275  265  270 


Table  4  Developmental  Fe-12  Ni  alloy  compositions 


Alloy  Designation  Fe-12Ni-.2Ti-.05C  Fe-12Ni- . 5A 


Metallic 

Elements 


Percent  by 
Weight 


Percent  by 
Weight 


Nickel 
Si  1  icon 
Ch  rom i um 
Ti tanium 
Aluminum 
I  ron 


12.0  -  13.0 
0.010  max 
0.025  max 
0.17  -  0.26 


12.0  -  13.0 
0.010  max 
0.025  max 

0.25  -  0.50 
Balance 


Nonmetal  1 ic 
Elements 


Parts  Per 
Million  by 
Weight 


Parts  Per 
Million  by 
Weight 


Carbon 
N  i  trogen 
Oxygen 
Phosphorus 
Sul  fur 


400  -  600 
50  max 
100  max 
50  max 
50  max 


100  -  500 
50  max 
100  max 
50  max 
50  max 


Note:  All  other  elements  shall  not  exceed  60  ppm 

by  weight. 
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Fig.  20  Failure  caused  by  thermal 
expansion  mismatch  between 
aluminum  test  plate  and  metal 
filled  epoxies. 
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Summary 


Hi  i  s  l «  •  ■  f  -i  i*  •  •  pn-'.on  r  *■*  the  result  of  fastener  load  and  retention  systems  tests 
*l:i<  ■>'.  w*-r»*  .  ;tiTi'‘  !  out  us  ;i  part  if  *.h»*  rryun-nir  models  technology  dec--]  opmen  t.  progrir 
at  the  \A.S\  j.an-'.loy  Hesc-ar-h  (enter  (l.aRrj.  Various  design  concepts  f  the  National 
rr.'iriviriir  Facility  ( \TF  )  deve  1  opmen  t  a  1  and  production  models  are  discussed.  A  number 

•  t  NTF  moii*-!'  are  i»-s.  ribed  with  emphasis  on  materials  used,  uniqueness  of  design  and 
ie^ign  'Irivt1'.  Design  and  fabr  ica  f  on  expe  r  i  ence  is  presented  in  terms  of  the  primary 
thermal  and  mechanical  *  •  >  n  s  i  lerations  requ  i  r*M.i  for  design  as  well  as  fabrication.  Cost 

•  nisi  i>*rat  ions  ar-  address*  i  m  terms  of  factors  influencing  costs  for  NTF  models  and 
cost  data  comparisons  \  >  i  ar-  taken  from  both  NASA  Langley  and  industry  experience. 


1 .0  Introduction 


Full  utilization  of  the  high  Reynolds  number  provided  by  tile  NTF  requires  the 
e  *nsion  of  the  state-of-the-art  in  model  design  and  fabrication.  Designers  are  faced 
i  the  challenge  of  developing  new  design  concepts  for  many  models  to  be  tested  in 
.  *  NTF.  Inherent  in  this  process  is  the  need  for  proo f-of-concept  studies  for  design 
verification.  A  major  challenge  lies  in  the  area  of  designing  the  noriel  so  as  to  mini¬ 
mize  the  fabrication  costs  where  possible,  even  when  faced  with  the  more  stringent 
tolerance  and  surface  finish  requirements. 

Much  has  been  learned  at  the  NASA  Langley  Research  Center  over  the  past  ’ ew 
years  with  regard  to  design  methodology,  fabrication  problems,  and  proof-of -concept 
studies.  1  The  purpose  «>r  this  lecture  is  to  report  on  fastener  load  and  lastenor 
retention  systems  tests  carried  out  at  the  LaRC.  Also,  various  design  concepts  for  NTF 
models  are  presented  with  particular  emphasis  on  design  problems  associated  with 
instrumented  wings  and  flap  attachments.  Design  and  Fabrication  Experience  with  NT1-' 
models  is  presented  and  cost  factors  for  NTF  models  as  compare!  to  conventional  models 
are  presented,  based  on  the  most  eurr-nt  information  available. 


2.0  Fastener  Load  Tests  and  Retention  Systems  Tests 


Although  fastener  strength  and  retention  should  always  be  primary  considera¬ 
tions  in  the  design  of  wind-tunnel  models,  these  factors  become  even  more  critical  for 
high-Rey notds-number  testing  at  cryogenic  temperatures  and  load  conditions  such  as 
those  which  may  be  imposed  on  NTF  model  systems.  The  looseness,  loss,  or  failure  of  a 
fastener  could  lead  to  structural  component  failures,  which,  in  turn,  could  result  in 
wind  tunnel  damage.  For  these  reasons,  test  programs^  were  initiated  at  LaRC  to 
investigate  fasteners  and  fastener  retention  systems  for  use  in  NTF  models. 

2 . 1  Load  Tests 

A  large  number  of  special  screws  made  of  standard  A-286  stainless  steel 
were  purchased  for  use  in  models  to  be  tested  at  cryogenic  temperatures  in  the  NTF. 
Since  load  data  for  these  screws  at  cryogenic  temperatures  were  not  available,  it  was 
necessary  to  determine  the  tensile  load  capability  and  failure  mode  of  the  screws  at 
both  cryogenic  and  room  temperature.  Nine  sizes  and  three  types  of  screws  were  tested 
as  listed  in  table  1.  The  only  data  supplied  by  the  manufacturer  are  given  in  table  2. 
The  failure  load(s)  given  in  table  2  were  based  on  room  temperature  tests  for  only  one 
screw  of  each  size.  As  purchased,  the  10-32  and  1/4-28  screws  were  threaded  for  only 
l  inch  for  screw  lengths  of  1.5  in.  and  3.0  in.  In  use,  many  of  these  screws  will 
require  threads  all  the  way  to  the  head.  Therefore,  ten  of  each  of  these  screws  were 
modified  by  continuing  the  threads  to  the  head  and  were  included  in  the  test  program. 

The  program  consisted  of  applying  a  tensile  load,  to  failure,  to  five  of 

each  size  and  type  of  screw  at  room  temperature  and  at  cryogenic  temperature  (-275°F). 
The  screws  were  tested  in  an  Instron  model  1115  universal  tester.  A  special  set  of 
fixtures  was  designed  and  fabricated  to  fit  the  Instron  to  match  all  the  sizes  and 

types  of  screws.  A  typical  setup  is  shown  in  figure  1.  Five  of  each  type  and  size 

screw  were  broken  at  room  temperature  with  a  strip  chart  recording  the  load  and  head 
movement  versus  time.  Visual  observations  of  each  break  were  noted  on  the  strip  chart. 
Five  of  each  type  and  si2e  screw  were  then  broken  at  cryogenic  temperature  with  the 
same  data  collected.  For  the  cryogenic  tests,  the  environmental  chamber  on  the  Instron 
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was  cooled  to  -275 °K  and  each  screw  setup  was  allowed  to  soak  for  approximately  45- *50 
minutes  to  obtain  a  uniform  temperature  throughout  the  setup. 

The  strip  chart  recordings  were  used  to  determine  the  yield  load,  the 
ultimate  load,  and  the  elongation  of  each  screw.  Tables  3  and  4  give  the  summarized 
results  at  room  temperature  and  cryo  temperature  respectively.  Presented  for  each  size 
and  type  of  screw  are  the  minimum  yield  load  (determined  by  .2  percent  offset  in  the 
elongation),  the  minimum  ultimate  load  obtained,  and  the  number  of  failures  at  the  head 
and  in  the  threads. 

Principal  observations  on  the  failure  modes  of  the  screws  tested  were: 
(1)  Heads  popped  off  all  of  the  1-72  button  head  screws  at  both  room  temperature  and 
cryo  temperatures,  (2)  All  socket  cap  screw  failures  occurred  in  the  thr*  ids;  (3) 

None  of  the  82,  6,  8,  and  1/4"  socket  flat  head  screws  had  any  head  failures  at  room 
temperature;  (4)  At  cryo  temperature,  the  86,  8,  1/4”  and  1/4"  modified  socket  flat 
head  screws  did  not  have  any  head  failures;  and  (5)  Generally,  head  failures  occurred 
at  lower  loads  than  thread  failures  for  a  given  screw  size  and  type  and  fractured 
through  the  bottom  of  the  socket. 

Caution  should  be  used  in  any  attempt  to  calculate  stresses  in  these 
screws.  The  minimum  loads  listed  for  most  of  the  socket  flat  head  screws  are  values 
for  a  head  failure  where  the  exact  cross-sectional  area  is  unknown.  The  data  provided 
in  tables  3  and  4  are  currently  being  used  to  design  screws  for  NTF  models  at  LaRC. 

As  a  conservative  measure,  minimum  values  were  chosen  as  opposed  to  using  average 
values.  Interestingly  enough,  the  room  temperature  ultimate  (failure)  loads  do  not 
correlate  very  well  with  data  supplied  by  the  manufacturer,  with  the  manufacturer 
supplied  failure  loads  generally  being  less  for  the  smaller  screws  and  greater  for  the 
larger  (greater  than  6-32)  screws. 


2.2  Retention  Systems 


A  comprehensive  test  program  was  conducted  to  examine  the  effectiveness 
of  various  fastener  locking  systems  for  cryogenic  applications.  Five  locking  systems 
w«*re  tested  using  the  special  A-286  screws  and  the  primary  metallic  alloys  that  are 
being  used  for  NTF  models.  The  locking  system  effectiveness  was  examined  by  simple  no 
load  cycling  t.o  cryogenic  temperatures  (-275°F)  as  well  as  with  dynamic  and  static 
loading  at  cryogenic  temperatures. 

Five  locking  systems  (see  fig.  2)  were  tested.  These  include  self¬ 
locking  Hell-coils,  "Spiralock"  Threadform,  " Loctite ,  ”  "Crest,"  and  epoxy  over  screw 
heads.*  In  addition,  tests  were  performed  on  screws  without  any  locking  device  in 
order  to  establish  a  baseline  for  judging  the  effectiveness  of  locking  systems.  Screw 
si/.es  chosen  were  1/4-28  socket  head  cap  screws,  and  2-56  flat  head  socket  cap  screws 
which  are  believed  to  be  representative  of  the  largest  and  smallest  screws  that  will  be 
used  in  typical  model  construction. 

Test  specimen  assemblies  are  illustrated  in  figures  3(a)  through  3(c) 
and  figure  4,  and  are  scaled  to  be  representative  of  a  conventional  joint  attachment  on 
models.  Two  basic  assemblies  were  used  for  tests.  Five  1/4-28  screws  were  used  in  one 
type  of  the  specimen  assemblies  while  nine  2-56  screws  were  used  in  the  other  type.  A 
specially  designed  torque  wrench  was  used  to  give  accurate  torque  values  at  both  the 
tightened  and  breakaway  values.  The  screws  were  initially  preloaded  to  approximately 
one  fourth  of  the  ultimate  strength  through  the  use  of  a  nomograph  relating  torque 
values  for  each  size  screw  tested. 

The  locking  systems  were  initially  tested  in  a  no-load  condition  by 
measuring  breakaway  torque  before  cryo  cycling,  after  l  and  5  cycles,  and  at  -275°F  as 
indicated  in  tables  5  and  6.  The  data  given  in  tables  5  and  6  for  the  no  load  condi¬ 
tions  (cryo  cycl  ng  only)  are  averaged  values  for  all  screws  in  each  test  specimen 
f?xcept  for  the  control  screw.  In  addition,  static  (bending)  loads  calculated  to  load 
the  screws  up  to  the  preload  value  were  applied  to  the  specimen  at  equilibrium 
cryogenic  temperatures.  (See  fig.  5.)  Ten  load  cycles  were  completed  for  each 
specimen,  they  were  then  removed  from  the  test  fixture,  and  breakaway  torque  values 
were  measured  at.  room  temperature. 

Dynamic  load  tests  were  conducted  in  which  the  test  specimens  were 
mounted  on  a  bakelite  block  and  attached  to  a  shaker  table  as  shown  in  figure  6.  LN2 
was  pumped  through  the  test  piece  to  maintain  the  specimen  at  cryogenic  tempera tu: e , 
while  the  specimen  was  subjected  to  a  30-minute  random  vibration  environment  over  a 
frequency  range  of  20-200  Hz  at  9  g  rms  to  simulate  severe  load  conditions  that  a  model 
might  possibly  experience  in  the  NTF.  Again  breakaway  torques  were  measured  after  the 
vibration  test  and  at  room  temperature.  It  should  be  noted  that  the  data  given  in 
tables  5  and  6  for  the  static  and  dynamic  load  tests  are  averaged  values  for  all  screws 
in  the  test  piece.  For  the  dynamic  and  static  loads  1 es ’ s  there  was  no  control  screw. 


Use  of  trademarks  or  names  of  manufac turers  in  this  report  does  not  constitute  an 
official  endorsement  of  such  products  or  manufacturers,  either  expressed  or  implied, 
by  the  National  Aeronautics  and  Space  Administration. 
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A  graphical  representation  of  the  averaged  test  data  for  si* l f - 1 oc k i ng  Hell-coils  used 
with  1/4-28  screws  for  each  of  the  specimen  materials  is  given  in  figure  7. 

General  conclusions  from  the  test  program  were  as  follows: 

(11  The  cryo  cycling  in  the  absence  of  mechanical  loads  produced  a 
decrease  in  breakaway  torque  for  all  systems  tested. 

(2)  The  self-locking  Hell-coil  is  an  effective  and  convenient  device  to 
work  with  for  larger  screws  and  for  all  materials  studied.  However,  the  use  of  this 
ievjce  for  small  screws  is  questionable  due  to  problems  encountered  with  the  screw 

lot  sing  in  t  tie  H«*  1  l  -co  i  l  . 

(3)  The  Spiralock  threadform  is  a  simple  and  effective  device  for  both 
si/**s  of  screws  and  s»*<*m  to  be  least  affected  by  the  cryogenic  environment.  Overall, 
this  may  he  the  best  locking  system  for  cryogenic  applications,  part  ic  .larly  with  small 
screws. 


(4)  Loctite,  although  very  effective  at  retaining  the  screws  was  not  an 
easy  system  to  use.  Initial  assembly  was  not  difficult,  which  required  spraying  a 
primer  on,  applying  the  Loctite  and  then  assembly.  However,  subsequent  use  of  the  same 
parts  required  a  tap  to  be  run  through  the  tapped  hole  and  a  die  nut  to  be  run  over  the 
threads  to  prevent  plastic  material  build-up. 

(5)  Crest  was  found  to  be  similar  to  Loctite,  a  very  effective  locking 
device  but  cleaning  for  reuse  is  required.  A  major  problem  is  the  72i-hour  cure  time 
which  would  eliminate  Crest  for  use  with  model  changes  to  be  made  in  the  tunnel. 

(#5)  The  aluminum  filled  epoxy  applied  over  and  around  the  screw  heads 
a  is  effective  hut  did  not  have  the  higher  break  away  torque  found  with  the  Loctite  and 
Crest . 


In  general  all  systems,  were  found  to  be  effective  locking  devices. 
Also  tests  at  -27b°F  imply  that  the  cold  temperatures  acts  to  help  screw  retention, 
which  is  likely  due  to  differential  thermal  contraction  and/or  increased  friction 
(thread  binding)  effects.  Similar  findings  are  reported  in  reference  3. 


3.0  Design  Concepts  for  NTF  Models 


The  design  of  MTF  models  becomes  more  complicated  in  that  more  conventional 
( non-c ryogen ic )  design  methodology  may  not  work  because  of  potentially  high  loads, 
cryogenic  test  environment  and  more  stringent  tolerances  and  surface  finishes.  This  is 
particularly  true  for  Instrumented  wings  and  control  surface  attachments.  Various 
designs  are  reported  on  in  references  3  through  6.  For  example,  the  Pathfinder  I 
(ref.  i)  utilized  a  two-piece  tongue- i n -groove  wing  design  which  proved  to  be  quite 
successful.  Also  more  conventional  instrumented  wing  designs  have  also  been  employed 
f>r  NTF  models.  Examples  include  conventional  cover  plate  designs  such  as  those  used 
for  the  models  in  reference  1  and  the  Lockheed  wing  (see  ref.  7)  to  be  tested  on 
Pathfinder  I,  and  the  Boeing  787  model  which  utilizes  surface  routing  of  tubes  in 
grooves  covered  with  filler  material. 

The  more  difficult  designs  involve  very  thin,  low  aspect  ratio  instrumented 
wings.  A  good  example  is  the  Pathfinder  II  which  is  a  developmental  model  chosen  t> 
address  highly  loaded  thin  wing  design  problems  and  provide  for  interchangeability  of 
lifting  surfaces,  flaps,  etc.,  and  is  described  in  the  following  sections. 


3 . 1  Pathfinder  II  Design  Features 


The  NTF  Pathfinder  II  model  (figures  8  and  9)  is  a  high  performance 
fighter  configuration  that  is  designed  to  serve  as  a  "Generic"  model.  The  model  is 
designed  around  a  cylindrical  strongback  to  which  the  aerodynamic  shape  is  connected. 
The  noise  and  aft  section  are  mounted  to  the  strongback  and  retained  by  specially 
designed  screw  dowels.  The  mid-section  of  the  model  is  made  up  of  four  equal  sections 
That  provide  for  interchange  of  the  wing  and  adjustment  <>f  the  area  distribution  by 
changing  the  shape  of  the  canopy  and  belly  sections.  The  model  wing  is  a  thin ,  highly 
twisted  supercritical  airfoil  shape  with  interchangeable  leading  and  trailing  edge 
flaps.  The  thinness  of  the  wing  at  the  trailing  edge  flap  hinge  line  coupled  with  the 
high  aerodynamic  loads  precluded  the  use  of  a  conventional  lap  or  tongue;  and  groove 
joint.  A  special  int  was  designed  for  the  trailing  edge  flap.  (See  figure 
9.)  This  "Alternating  Surface  Segmented  Lap  Joint"  eliminates  the  need  for  shear  pins 
and  reduces  the  tensile  load  in  the  attachment  sc rews .  The  joint  consists  of  a  system 
of  tabs  on  the  flap  that  mesh  with  grooves  in  the  wing  spar.  The  number,  size,  and 
location  of  the  tabs  were  developed  from  a  detailed  finite  element  analysis  of  the  wing 
flap  system.  This  type  joint  has  an  added  advantage  that  because  of  the  sweep  of  the 
wing,  the  flap  tabs  are  forced  into  the  wing  groove,  i.e.,  should  the  screws  come  loose 
the  flap  will  not  detach  from  the  wing  spar.  The  leading  edge  flaps  utilize  a 
conventional  lap  joint  design.  A  proof-of -concept  test  specimen  of  the  trailing  edge 
attachment,  is  shown  in  figures  10  and  ll. 


3.2 


Design  Concepts  for  the  Thin,  Highly  Twisted  Pressure  Wings  for  Pathfinder  II 


The  Pathfinder  II  has  been  designed  with  very  thin,  highly  twisted  and 
cambered  wings.  These  characteristics  represent  a  major  design  challenge  when  dealing 
with  the  attachment  of  flap  elements.  The  design  is  further  complicated  by  the  hign 
loads  and  cryogenic  temperatures  imposed  on  models  in  the  NTH  which  cause  problems  with 
the  conventional  installation  of  pressure  tubes  due  to  induced  aerodynamic  distortions 
over  the  surface  routed  pressure  tubes.  Ail  of  these  considerations  combi. e  to  make 
conventional  design  techniques  questionable  for  NTH  models  with  very  thin,  highly 
loaded  wings.  In  an  attempt  to  solve  these  problems,  LaRC  investigated  several 
alternative  design  techniques. 

Three  design  concepts  were  studied  for  the  Pathfinder  II  instrumented 
wing.  These  concepts  are  (1)  surface  routing  of  tubes  soldered  or  brazed  in  the  wing, 
(2)  nickel  plating  over  tubes  routed  in  the  wing  spar  depicted  in  fig.  12  md 
Cl)  fiberglass  overwrap  of  the  wing  spar  after  tube  routing. 

The  surface  routing  of  tubes  without  plating  or  overwrap  has  been 
selected  for  the  Pathfinder  IE  wing.  In  this  design,  the  tubes  are  soldered  or  brazed 
in  place  after  machining  to  contour.  The  solder  areas  are  then  smoothed  prior  to 
drilling  of  orifices.  This  concept  was  adopted  based  on  proof-of  concept  specimen 
testing  to  establish  confidence  that  the  more  conventional  method  would  work.  However, 
the  grooves  have  to  be  machined  to  very  close  tolerance  for  placement  of  tubes  near  th<* 
final  machined  surface  for  the  solder  or  braze  operation.  In  order  to  verify  the 
machining  accuracy  and  setup,  p roof-of -concept  machined  specimens  will  be  done  to 
verify  that  the  wing  can  be  final  machined  without  a  high  risk  of  machining  into  the 
tubes  in  the  very  thin  highly  curved  regions. 

In  the  other  two  concepts,  the  nickel  plating  and  epoxy  E-Glass  are  used 
as  a  means  of  providing  a  material  covering  over  the  wing  spar.  Both  the  nickel 
plating  process  and  fiberglass  overwrap  were  installed  oversize  and  machined  to  the 
specified  contour.  The  fiberglass  overwrap  concept  is  illustrated  in  figures  13  and  14 
which  show  the  grooved  wing  spar  and  fiberglass  overwrap  after  tube  installation. 

The  fiberglass  overwrap  concept  looks  very  promising  at  this  time, 
particularly  in  view  of  potential  ease  of  fabrication.  This  particular  specimen  was 
fabricated  at  considerably  less  cost  than  the  nickel  plated  specimen.  Also,  it  was 
found  that  surface  finish,  tolerance,  ind  orifice  quality  could  be  achieved  for  the 
fiberglass  surface.  In  the  case  of  the  nickel  plating  process,  an  added  advantage  is 
that  of  obtaining  mechanical  properties  in  the  plating  material  comparable  to  the  spa" 
material,  as  well  as  achieving  the  required  surface  finish  and  tolerance. 

Preliminary  fatigue  testing  (see  fig.  15)  of  both  the  fiberglass  and 
nickel  plating  concepts  at  cryogenic  temperatures  have  produced  encouraging  results 
with  no  major  problems  encountered  to  date.  Extensive  testing  of  these  concepts  is 
planned  for  the  future  to  further  refine  the  fabrication  processes  and  to  further 
evaluate  the  design  adequacy  at  cryo  temperatures. 


4.0  Design  and  Fabrication  Experience  for  NTF  Models 


Extensive  in-house  experience  has  been  obtained  in  the  design  and  fabrication 
of  model  systems  for  testing  at  cryogenic  temperatures  in  the  NTH.  Models  of  represen¬ 
tative  wide  body  transports  (Pathfinder  I  and  1/2-Scale  Pathfinder  I),  see  figure  16, 
Space  Shuttle  Orbiter,  figures  17  and  18,  and  Ax lsymme t r tc  Bodies,  figure  1.9  are  ready 
for  tunnel  entry.  The  Pathfinder  I  model  was  subjected  to  approximately  25  hours  of 
testing  over  the  planned  test  envelope  in  December  1984  and  .January  1985.  The 
previou  ly  mentioned  high  perfor-  mce  fighter  configuration  (Pathfinder  II)  has  b»M-n 
designed  and  is  being  fabricated.  All  of  the  currently  available  and  cryogen i ra 11 y 
acceptable  model  metallic  materials  (Nitronic  40,  Nitronic  60,  PH  13-8  Mo  condition 
H l 1  M)M ,  and  A-286  stainless  steels;  18  Ni  200  Grade  maraging  steel;  and  6081  Aluminum) 
are  used  in  the  various  aforementioned  models. 

There  are  two  major  difference  in  designing  models  for  the  NTH  as  e.  apared 
t*  designing  models  for  testing  in  conventional  wind  tunnels.  The  first  of  the- e  is 
the  cryogenic  environment  with  temperatures  possibly  as  low  as  -320°F,  and  secondly,  in 
order  to  utilize  the  full  capability  of  the  NTF  fur  testing  at  high  Reynolds  number, 
many  of  the  models  will  have  to  be  designed  for  testing  at  dynamic  pressures 
considerably  greater  than  those  which  can  be  achieved  in  most  transonic  tunnels.  To 
date,  the  high  loads  requirements  on  the  model  components  has  had  a  greater  impact  on 
the  model  design  than  the  cryogenic  environment. 


4 . I  Mechanical  Design 

The  basic  approach  in  developing  the  mechanical  design  of  the  aforemen¬ 
tioned  NTH  models  was  to  minimize  the  number  of  structural  joints  in  order  to  reduce 
the  effects  of  temperature  gradients  in  model  components.  Additionally,  these  design 
concepts  provide  for  convenient  testing  of  models  in  any  configuration  such  as  fuselage 
only,  fuselage  and  wing,  or  comp1ete  configuration.  Where  possible  and  practical, 
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similar  materials  have  been  used  but  dissimilar  materials  can  be  utilized  as 
demonstrated  by  the  Shuttle  design  (fig.  17)  which  employs  an  18  Ni  200  Grade  fuselage, 
N itronie  60  drive  system  components,  and  A-286  stainless  steel  for  all  other  structural 
components . 


It  appears  that  in  most  cases,  conventional  mechanical  design 
methodology  can  be  used.  One  of  the  principal  load  problem  areas,  however,  is  in  the 
design  of  attachment  joints,  particularly  for  very  thin  airfoil  sections.  This  subject 
was  addressed  in  the  previous  section. 

The  utilization  of  higher  strength  properties  at  cryogenic  temperature 
for  metallic  alloys  coupled  with  the  advantage  of  being  able  to  use  lower  safety 
factors  (requiring  additional  engineering  analyses)  will  provide  for  better  utilization 
of  the  facility.  However,  the  model  overall  test  envelope  at  a  given  dynamic  pressure 
could  be  impacted  in  some  cases  because  the  ambient  temperature  strength  properties  can 
be  considerabl y  lower  than  at  cryogenic  temperatures  for  some  materials  such  as  the 
stainless  steels.  It  seems  that  in  most  cases  the  model  system  dynamic  pressure 
capability  will  be  governed  oy  divergence  or  balance  limitations  rather  than  strength. 


4 . 2  Thermal  Design 

Generally,  the  basic  thermal  design  practices  for  models  to  be  tested  at 
elevated  temperatures  also  apply  to  cryogenic  model  except  that  differential  contrac¬ 
tion  due  to  cold  temperatures  must  be  accounted  for  instead  of  expansion  due  to 
heating.  The  electronic  instrumentation  and  electric  motors  used  in  conventional 
models  may  be  used  in  cryogenic  models  if  they  are  located  in  a  temperature  controlled 
package.  For  example,  the  same  actuating  system  (electric  motors,  potentiometers  and 
drive  system)  used  in  a  .02  scale  Space  Shuttle  Orbiter  model  (see  ref.  8)  is  used  in 
the  NTH  Orbiter  model  shown  in  figure  18.  The  motors  and  potentiometers  will  be 
h»'a  tod  . 


It  has  been  found  from  both  design  and  analysis  experience  that  thermal 
design  criteria  (see  for  example,  tne  test  section  cooldown ,  post-model  maintenance 
cool  down  and  warm-up  criteria,  figures  20,  21,  and  22,  respectively)  have  not  been 
major  drivers  on  the  design.9  Also,  the  analysis  efforts  required  to  verify  adequacy 
of  the  thermal  design  have  not  been  as  extensive  as  originally  envisioned.  In  general, 
good  thermal  design  practice  allowing  for  problems  assoc ia ted  with  thermal  mismatch  has 
been  sufficient.  The  tunnel  capability  of  approximately  ±86°F  step  change  in  tempera¬ 
ture-  tt  t»st  point  as  indicated  in  figure  20  has  been  found  to  be  the  most  severe 
thermal  load  case  for  most  models.  In  addition,  the  post-model  maintenance  cooldown 
criteria,  ffig.  21)  which  in  some  cases  may  be  significant,  is  the  rapid  temperature 
change  associated  with  the  post-model  maintenance  cooldown.  However,  the  transient 
occurs  at  very  low  convection  rates  (no  aerodynamic  flow)  and  in  the  absence  of 
mechanical  loads. 

Usd,  it  sh >uld  be  noted  that  the  present  operational  test  procedures 
call  fo  the  model  to  he  brought,  to  zero  angle  of  attack  until  thermal  equilibrium  is 
fuelled.  This  alleviates  having  to  add  potentially  high  mechanical  (aerodynamic)  loads 
r*  p*tentiully  high  thermal  loads  during  testing.  Typically,  temperature  gradients  in 
models  in  not  pro. luce  thermal  stresses  large  enough  to  be  a  problem  unless  the  area 
Njsf.tining  th*»  gradient  connects  two  separate  components  through  pins  and/or  fasteners. 
Helat ive  movement  between  components  (e.g.,  flaps  and  wing)  can  give  rise  to  high 
st  rcs^  in  t ho  fasteners,  sin-'e  the  fasteners  act  as  constraints  and  transfer  the 
result,  g  loads  a r  the  fa  loner  locations.  Because  very  small  relative  motions  can 
give  rise  t-*  very  high  shear  loads  in  screws,  proof-of-concept  studies  were  performed 

*  i  *  v a  1  jh*.‘  thermal  load  behavior  for  a  representative  lap  joint  figure  23,  and  the 
>t  !  » «*rnn  f  i  ng  segmen  .*d  lap  joint  previously  di.  cussed  (fig.  10).  In  the  case  of  the 
simple  ii»p  joint  s  ei- imen,  failure  of  the  screws  could  not  be  effected  by  immersion 
int  .  Ii-jiii  nitr  .g  n  •*v,n  though  analyses  indicated  that  the  screws  should  fail  in 
shear.  ft  is  heM  ved  that  because  of  the  very  small  relative  displacements,  and  less 

♦  Man  pf  is,.  'tight)  tolerances  on  the  screws  and  screw  holes,  the  theoretical  loads 

»f  n  t  1  oped  m  the  fasteners.  This  finding  points  out  the  possible  fallacy  of 

iMilys.-s  huso  |  <»n  idealized  conditions,  and  is  important  since  design  of  attachments 

vi  be  largely  driven  by  thermal  loads.  Further  work  is  being  done  with  the  proof-of- 
>n-  e;.T  spe.-imens  to  be»  t.or  uii  lerstand  the  mechanism  of  typical  attachment  fasteners 
?>  e  h  v  1 1 ,  r  under  thermal  load. 


5.0  Cost  Considerations 


The  potential  for  a  significant  increase  in  model  costs  for  NTF  has  been  of 
•  oncern  from  the  beg  inning  and  for  a  number  of  reasons.  It  is  recognized  that  current 
aerodynamic  and  design  criteria  requirements  will  impact  both  the  engineering  design 
and  fabrication  eo'ts,  but  quantifying  cost  increments  both  present  and  future  is  still 
difficult.  Howevei .  the  Boeing  experience  on  the  767  model  as  reported  in  reference  5 
provided  initial  data.  In  this  case,  the  comparison  was  made  for  the  NTF  model 
relative  to  a  so-called  conventional  model  ( non-cryogen ic )  which  gave  estimated  cost 
factors  of  2  to  l  on  design  and  1.5  to  1  on  fabrication.  The  Fighter  Design  Study  as 
reported  in  reference  3  also  estimates  a  present  overall  (both  design  and  fabrication) 
cost  increment  of  2.1  to  1  decreasing  to  1.5  to  l  with  further  R&D  and  experience. 


■At  Kafir,  the  potenfcia  1  for  increased  costs  was  addressed  in  reference  10  but 
ti  * t  quantified,  because  the  developmental  models  designed  and  fabricated  up  to  that 
point  were  front-end  loaded  with  R&D  and  Proof-of -Concept  testing.  However,  some 
estimates  on  fabrication  (machining)  costs  for  various  materials  can  be  made  based  on 
■Lire  recent  l.aKC  experience.  Kstimat.es  of  cost  to  fabricate  NTF  models  from  various 
materials  to  a  surface  finish  of  RMS  8-10  and  a  &.002  inch  tolerance  are  given  in 
fahl*-  7.  These  estimates  were  made  by  comparing  the  cost  to  fabricate  and  instrument  u 
typical  research  model  (wing,  empennage,  and  fuselage)  constructed  of  17-4  PH  stainless 
steel  (a  i  ommonly  used  material  for  conventional  models)  to  a  i.005  inch  tolerance  and 
i  '.VI  rms  surface  finish.  ft  was  assumed  that  the  17-4  model  is  rough  machined,  heat 
treated,  finished  machined,  and  hand  polished. 

One  major  observation  from  the  estimates  given  in  table  7  is  that  in  terms  of 
the  total  fabrication  cost  ratio,  the  more  stringent  surface  finish  and  tolerances  add 
only  about  10  percent  to  the  overall  machining  cost  ratio.  The  major  costs  being  that 
associated  with  machining  to  contour.  Of  course,  each  model  is  different  and  it  is 
difficult  to  generalize.  Design  is  particularly  important  in  impacting  fabrication 
■  ■  1 1 s t  and  should  be  approached  with  fabrication  cost  considerations  in  mind. 

Currently,  with  the  improved  tooling  and  processing  the  machining  costs  of 
tin*  cryogenic  steels  is  projected  to  drop  significantly.  Also,  as  the  design  and 
analysis  process  evolves  and  the  R&D  and  proof-of-concept  work  is  carried  out,  it  is 
anticipated  that  in  the  next  few  years  the  overall  cost  factor  (NTF  versus 
conventional)  will  be  somewhere  between  1.5  to  1.25  and  should  decrease  even  further 
with  additional  experience  and  new  technology  development. 


6.0  Conclusions 


Fastener  test  program  results,  and  various  design  concepts  utilized  for  NTF 
models  are  presented.  The  design  and  fabrication  experience  for  NTF  models  along  with 
cost  consider* t ions  based  on  the  most  current  data  are  presented.  The  primary 
conclusions  are  as  follows; 

(1)  A  data  base  has  been  developed  for  use  by  model  designers  in  selecting 
type  and  size  A-286  stainless  steel  screws  for  use  in  NTF  models. 

(2)  Various  fastener  retention  systems  have  been  evaluated  for  use  in  NTK 
models.  Most  systems  tested  were  found  to  be  effective  locking  devices  with  some 
differences  being  observed  with  respect  to  ease  of  application,  cleanup,  and  reuse. 
Cryogenic  temperatures  act  to  improve  fastener  retention. 

(3)  New  design  concepts  are  required  for  many  NTF  models  in  order  to 
accommodate  cryogenic  temperatures  and  potentially  high  loads  for  testing  at  high 
Reynolds  number. 

(4)  New  us  well  as  conventional  design  concepts  require  proof-of-concept 
testing.  This  is  particularly  true  for  highly  loaded  models  and  for  components  such  as 
flap  attachments  and  instrumented  wings. 

(5)  A  wide  range  of  model  configurations  have  been  fabricated  and  are  ready 
for  testing  in  the  NTK. 

(6)  Design  experience  has  shown  the  major  driver  to  be  mechanical  loads  as 
opposed  to  thermal  loads. 

(7)  In  many  cases,  conventional  (non-NTF)  mechanical  design  methodology  can 
be  used,  but  should  be  supported  by  proof-of-concept  testing. 

(8)  Good  thermal  design  practice  allowing  for  problems  associated  thermal 
mismatch  has  been  sufficient  in  most  cases. 

(9)  Model  system  test  dynamic  pressure  capability  will,  as  a  rule,  be 
governed  by  aeroelastlc  divergence  or  balance  limitations  rather  than  strength. 

(10)  Model  systems  can  be  designed  and  fabricated  for  the  NTF  without  being 
cost  prohibitive.  While  engineering  costs  will  remain  somewhat  high  for  NTK  models, 
machining  costs  will  tend  to  approach  that  of  non-NTF  models  in  the  near  future. 

Overall  cost  factor  (NTF  versus  conventional)  will  approach  1.5  to  1.25  in  the  next  few 
years  and  is  expected  to  decrease  further  with  design  experience  and  fabrication 
technology  improvement. 


7.0  References 


1.  Young,  Clarence  P.  ,  .Jr.,  Bradshaw,  .lames  F.  ;  Rush,  Homer  F.  ,  Halle*', 

John  W.  ■  and  Watkins,  Vernon  E.  ,  Jr..  Cryogenic  Wi  rid-Tunnel  Model 
Technology  Development  Activities  at  the  NASA  Langley  Research  Center. 

AlAA  Paper  No.  84-0586,  1984. 

2.  Wallace,  John  W.  :  Fastener  Load  Tests  and  Retention  Systems  Tests  for 

Cryogenic  Wind-Tunnel  Models.  NASA-TM  85805,  1984. 

3.  Griffin,  S.  A.;  Madsen,  A.  P. ,  McClain,  A.  A.:  Design  Study  of  Test  Models 

of  Maneuvering  Aircraft  Con f i gura t i ons  for  the  National  Transonic 
Facility  (NTF ) .  NASA-CR-3827 ,  1984. 

4.  Bradshaw,  James  F. ;  and  Lietzke,  Donald  A.:  Cryogenic  Technology, 

NASA-CP-2 122 ,  Part  II,  pp.  399-402,  November  1979. 

5.  Whisler,  William  C. :  Cost  Factors  for  NTF  Models.  NASA-CP-2262, 
pp.  125-128,  1982. 

6.  Da  Fa  r  n  o ,  Ciianky ;  and  Toscano,  Gene:  NTF  Model  Concept  for  the  X-29A. 
NASA-CP-2262 ,  pp .  91-124,  1982. 

7.  Gloss,  Blair  B. :  Initial  Research  Program  for  the  National  Transonic 
Facility.  AIAA  Paper  No.  84-0585,  1984. 

8.  Ware,  George  M.;  Spencer,  Bernard,  Jr.;  and  Gentry,  L.  Raymond:  Remotely 
Driven  Model  Control  Surfaces  for  Efficient  Wind-Tunnel  Operation. 

AIAA  Paper  No.  83-0148,  1983. 

9.  Carlson,  Ann  B. :  Thermal  Analysis  of  Cryogenic  Wind  Tunnel  Models. 

AIAA  Paper  No.  84-1802,  1984. 

10.  Boykin,  Richard  M.  ;  and  Davenport,  Joseph  B.  ,  .Jr.:  Engineering  and 
Fabrication  Cost  Considerations  for  Cryogenic  Wind  Tunnel  Models. 
NASA-CP-2262,  pp. 128-138,  1982. 


8.0  Acknowledgements 


The  author  is  grateful  to  NASA  for  permission  to  give  this  lecture  and  to  his 
colleagues  at  the  Langley  Research  Center  who  have  assisted  in  its  preparation. 

Special  thanks  go  to  Mr.  John  Wallace  for  his  contributions  relative  to  the  fastener 
j  test  program;  to  Mr.  James  Bradshaw  for  his  contr ibut ions  relative  to  the  design  and 

1  fabrication  experience;  to  Mr.  Vernon  Watkins  for  his  contributions  on  the  design  of 

thin  highly  loaded  instrumented  wings;  and  to  Mrs.  Ann  B.  Carlson  for  her  contributions 
relative  to  the  thermal  analysis/design  section.  Finally,  a  word  of  thanks  to 
Mrs.  Cynthia  S.  Belsches  for  her  proficiency  in  typing  the  manuscript. 


Table  1  Special  A-286  Screw  Sizes  and  Types 


l 


Size 

Type 

0-80 

Socket  flat  head  screw  (SFHS) 

1-72 

Button  head 

2-56 

SFHS  and  socket  cap  screw  ( SCS ) 

3-18 

SFHS 

4-10 

SFHS  and  SCS 

6-32 

SFHS  and  SCS 

8-32 

Sf-HS  and  SCS 

10-32 

SFHS  and  SCS 

1/4-28 

SFHS  and  SCS 

Table  2 

Manufacturer  supplied  ultimate  loads  for 
special  A-286  screws 

Ultimate  Load* 

Size 

Type 

at  Ft.T.  ,  lbs  . 

0-80 

SFHS 

330 

1-72 

Button  Head 

190 

2-56 

SFHS 

460 

2-56 

SCS 

725 

3-48 

SFHS 

780 

4-40 

SFHS 

1  145 

4-40 

SCS 

1090 

6-32 

SFHS 

1540 

6-32 

SCS 

1500 

8-32 

SFHS 

2480 

8-32 

SCS 

2180 

10-32 

SFHS 

3780 

10-32 

SCS 

4180 

! / 4-28 

SFHS 

7080 

1 /4-28 

SCS 

6880 

♦  Data  for  one  screw  only 


Table  3  Minimum  yield  and  ultimate  loads  and  failure  modes  at  room  temp 


Sc  rew 

Min.  Y i e l d 
lb. 

Min.  U 1 t 
lb. 

.  Fa i lures 

Head/ Th reads 

0-80 

SFHS 

206 

320 

3/2 

1-72 

BH 

370 

38  7 

5/0 

2-56 

SFHS 

548 

680 

0/5 

2-56 

SCS 

546 

688 

0/5 

2-18 

SFHS 

737 

840 

2/3 

4-10 

SFHS 

792 

1070 

2/3 

•1-40 

scs 

932 

1089 

0/5 

6-32 

SFHS 

1465 

1725 

0/5 

6-32 

SCS 

1 465 

1678 

0/5 

8-32 

SFHS 

1952 

242  5 

0/5 

8-32 

SCS 

1790 

2050 

0/5 

10-32 

SFHS 

3270 

3825 

3/2 

10-32 

SCS 

3720 

4060 

0/5 

10-32 

SFHS (Mod) 

2870 

3440 

2/3 

10-32 

SCS (Mod) 

2930 

3840 

0/5 

1/4-28 

SFHS 

6550 

7100 

0/5 

1/4-28 

SCS 

6360 

6766 

0/5 

1/4-28 

SFHS (Mod) 

5520 

6335 

2/3 

1/4-28 

SCS (Mod) 

5420 

6500 

0/5 

i 


) 


Table 

4  Minimum 

yield  and  ultimate 

loads  and  failure 

■  m« ides  a  !  -275s 

Min.  Yield 

Min.  i’ll. 

Failures 

Sr  rew 

lb. 

lb  . 

Head/ Th reads 

0-80 

SFMS 

1)55 

1)96 

1/1 

l  -72 

HJI 

425 

477 

5/0 

2-50 

SFMS 

506 

83  4 

1/4 

2  - 0 

srs 

655 

856 

0/5 

2-  \H 

SFMS 

7  10 

1079 

2/3 

l-  to 

S  F  US 

050 

1255 

•i/i 

1-  10 

srs 

1070 

13  11 

0/5 

0-2  2 

SF  US 

1  700 

2125 

0/  5 

0-22 

srs 

1650 

2066 

0/5 

8-22 

SFilS 

2280 

3045 

0/5 

8-22 

srs 

2220 

2666 

0/5 

10-22 

SFMS 

4000 

4660 

0/2 

10-22 

srs 

4400 

5020 

0/5 

10-22 

SFMS (Mod) 

3400 

4670 

1/4 

10-22 

SCS ( Mod ) 

3690 

4625 

0/5 

1  / 4-28 

SFMS 

8090 

8966 

0/5 

1 /  1-28 

SCS 

7390 

8500 

0/5 

1 / 4-28 

SFMS( Mod ) 

6490 

7675 

0/5 

1  '  4-28 

SCS ( Mod ) 

6320 

8050 

0/5 

f 


Tahle  5 


Averaged  break-away  torque  values  for  special  A-286  2-56  Screws 
with  various  l«jcking  devices  (in-lb) 


locking 

Before 

After 

t  After  5 

At 

Control 

Dynamic 

St  a  t  ic 

Device 

Cycling 

Cycle 

Cycles 

-275 °F 

Screw 

Loading 

U>ading 

A-286 

Stainless  Steel 

lie!  i-coi  Is 

2.07 

1.85 

1.98 

2.56 

2.05 

2.15 

* 

Spi raloek 

1 .76 

1.89 

1.91 

3.45 

1.50 

2.12 

1.84 

1/ix'tit.e  222 

3.41 

2.88 

2.63 

*  * ** 

2.50 

3.17 

2.96 

Crest 

3.27 

3.06 

3.03 

** 

2.30 

2.53 

3.24 

Kpoxy 

2.74 

2.53 

2.79 

4.11 

2.25 

2.45 

2.31 

No  device 

2.24 

2.28 

2.42 

3.07 

2.25 

1.92 

1.77 

PH  13-8  Molybdenum  Stainless 

Steel 

Mel i-coi Is 

t  .94 

1.42 

1.44 

2.16 

.90 

1.75 

* 

Spt  raloek 

1.89 

1.19 

1.61 

2.67 

.70 

1.93 

1.71 

Uxrtite  222 

3.18 

2.39 

2.88 

** 

3.30 

2.87 

2 .62 

('rest 

3.28 

2.96 

3.21 

*■* 

1.70 

2.40 

2.88 

Kpoxy 

2.93 

2.28 

2.48 

+ 

1.60 

3.  19 

2.71 

No  device 

2.22 

.74 

1.61 

2.83 

.30 

1.77 

1.84 

Nitronic 

40  Stainless  Steel 

He! i-coi Is 

1.94 

2.01 

1.98 

3.83 

1.80 

2.04 

* 

Spi  ral'jck 

1 . 74 

1.77 

1.85 

3.68 

1.60 

1.98 

1.93 

1  k  k*  t  i  t.e  222 

2.81 

2.83 

2.92 

* 

3.20 

3.51 

2.76 

Crest 

3.14 

3.13 

3.58 

* 

2.80 

2.97 

3.15 

Kpoxy 

2.49 

2.68 

2.34 

3.75 

1.70 

3. 14 

2.47 

No  device 

2.39 

2.21 

2.16 

2.82 

2.15 

1.51 

1.87 

18  Si  Grade  200 


llel  i-coi  1  s 

1 .88 

1 .84 

1.76 

2.54 

1.65 

1.91 

* 

Spirahxik 

2.30 

1.83 

1.65 

2.50 

.95 

1.87 

1.47 

Wx:tite  222 

3.01 

2.98 

3  31 

* 

2.65 

3.08 

2.72 

Crest. 

3.46 

2.60 

2.68 

* 

1.28 

3.37 

3.24 

Kpox> 

2.74 

1.30 

2.43 

+ 

1.60 

3.23 

2.64 

No  device 

2.16 

.49 

1.31 

2.98 

1.75 

1 .99 

1.99 

6061 

T6  Aluminum 

Hel i-coi Is 

1.75 

1.81 

1.90 

2.58 

1.95 

2.18 

1.78 

Sp  i  raloek 

1.75 

1.63 

1.88 

2.57 

1.90 

2.08 

1 .66 

tyoctite  22' 

2.86 

2.69 

2.93 

* 

2.75 

3.29 

2.51 

Crest 

2.83 

2.87 

2.76 

* 

3. 12 

3.07 

2.84 

Kpoxy 

2.56 

2. 12 

2.31 

3.94 

2.25 

2.81 

3.16 

No  device 

1.93 

1.74 

1.71 

2.26 

1.75 

2.30 

2.27 

*  Screws  too  loose  to  read 

**  Screws  could  not  be  turned  at  this  temperature 
+  Sockets  in  screw  head  were  stripped 


I 


i 


Increase  due  to 

’  Total 

Model  material 

Machining 
cost  factor 

8-10 

rms  finish 

±.002 

tolerance 

cost 

factor 

Nitronic  <10 

1.50 

.040 

.120 

1.66 

A  286 

1.50 

.040 

120 

1.66 

PH  13-8  1150  M 

1.25 

.030 

.090 

1.37 

18  Ni  qrade  200 

1.00 

.025 

.075 

1.10 

18  Ni  qrade  200 
(grain  refined) 

.75 

.025 

.075 

0-85 

6061  T-6  At. 

0.50 

.010 

.030 

0-54 

* Cost  factor  of  1.0  would  correspond  to  a  non-cryogenic  model 
fabricated  from  11  t  PH  stainless  steel  with  a  3?rms  timsh  and 
±.005  tolerance 


Tab!*?  6 

Averaged  break -a way  torque 

*  values  for 

special  A-286  1/4 

-2H  Screws  ' 

with 

various  l«x:king  devices 

(in-lb) 

Locking 

Before 

After  1 

After  5 

At 

Control 

Dynamic 

Slat  ic 

Device 

Cycl ing 

Cycle 

Cycles 

-275 °F 

Screw 

Load  1 ng 

L*ading 

A-286  Stainless  Steel 

Hel i-coi Is 

85.0 

86.0 

84.0 

138.3 

65 . 0 

76.0 

72.6 

Spi  ralock 

94.5 

72.3 

88.5 

112.5 

70.0 

78.4 

66.2 

f  nc  t  i  te  242 

114.5 

101.3 

103.8 

169.8 

98.0 

81 .8 

86.0 

(.’rest 

76.0 

79.8 

98.5 

232.7 

73.0 

81.1 

76 . 0 

Kpoxy 

104.5 

109.5 

117.3 

117.0 

88.0 

124.4 

117.5 

No  device 

78.0 

81.0 

71.5 

143.3 

72.0 

78.4 

72.8 

PH 

13-8  Molybdenum  Stainless 

Steel 

Hel i-coi Is 

74.3 

73.0 

69.0 

107.0 

51 .0 

70.2 

74.6 

Spi ralock 

83.5 

72.8 

67.8 

67.8 

64.0 

68.2 

60.0 

l<octite  242 

104.8 

78.8 

84.8 

185.8 

37.0 

84.2 

79.4 

Crest 

75.0 

77.0 

86.5 

223.0 

60.0 

74.4 

74.6 

Kpoxy 

112.5 

125.0 

124.3 

117.0 

89.0 

128.6 

111.2 

No  device 

81.5 

59.8 

70.5 

128.3 

56.0 

74.2 

70.2 

Nitronic  40 

Stainless  Steel 

Hel i -coils 

82.3 

81.3 

79.8 

112.5 

* 

68.6 

72.8 

Spi  ralock 

92.8 

87.0 

84.3 

91.8 

80.0 

85.4 

70.4 

Urctlte  242 

110.8 

98.5 

94.0 

175.8 

87.0 

79.0 

78.0 

Crest 

77.8 

80.8 

85.8 

231.0 

84.0 

72.4 

77.2 

Kpoxy 

115.5 

120.3 

117.3 

109.3 

107.0 

113.0 

116.6 

No  device 

81.0 

81.3 

75.8 

121.0 

67.0 

78,4 

74.8 

18  Ni 

Grade  200 

Hel i-coi Is 

87.0 

89.5 

88.8 

138.8 

79.0 

80.8 

74. 2 

Spi  ralock 

90.0 

83.8 

81.0 

93.0 

85.0 

73.4 

69.6 

Loot ite  242 

107.8 

92.5 

91.8 

162.8 

87.0 

87.6 

74.8 

Crest 

74.0 

83.3 

91.5 

249.0 

70.0 

78.6 

76.6 

Kpoxy 

107.3 

108.5 

113.5 

111.8 

115.0 

112.4 

104.0 

No  device 

83.8 

84.5 

67.8 

136.5 

71.0 

80.0 

74.8 

6061  T6  Aluminum 

Hel i-coils 

79.5 

76.3 

77.3 

94.8 

72.0 

75.0 

67.8 

Spi ralock 

78.8 

78.0 

79.3 

107.0 

75.0 

65.4 

11.1 

Loctite  242 

77.8 

86.3 

78.5 

171.5 

57.0 

83.6 

66.4 

Crest 

76.8 

91.3 

8.3.8 

249.5 

75.0 

78.2 

77.6 

Kpoxy 

105.5 

96.5 

94.3 

143.5 

99.0 

96.2 

87.8 

No  device 

82.3 

85.0 

72.3 

108.5 

76.0 

71.8 

75.2 

*  Sc  rew 

too  loose  to 

read 

Table  7 

Est imat  ed 

fabrication  cost  factors 

for  cryogenic  model  materials. 

r  . 


» 


Vi - iv 


Breakaway 
torque 
m  *  r 


120  ' 


riqhtenirKj  torque 
of  W  m  Ih 


..  BeiOtH  vUini| 

0  AMer  l  .  y<  te 
□  After  5  tvcteS 
H  At  ilb't 
B  Control  sirfw 
0  After  dynamic  loadmq 
0  After  static  loading 


18  Ni  6061- T6 


Fig.  7  Breakaway  torque  value  for  self- 
locking  He li -coi Is  used  with 
1/1-28  screws. 


Fig.  10  Proof-of-concept  test  specimen. 


Fig.  It  Proof-of-concept  specimen 
illustrating  detail  of 
alternating  surface  segmented 
lap  Joint. 
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Fig.  8  Pathfinder  II. 


rRoom  temperature 


Pressure  trajectory 
unknown 


Model 

environment, 
temperature 
and  pressure 


j  r l  atm. 

1  \  I 

1*4 


pressure 

dependent  on  model 
and  test  schedule 


/-  Temperature 
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ABSTRACT 


When  cryogenic  wind  tunnels  are  used  for  simulating  high  Reynolds  numbers  close  to  those  encountered  in 
flight,  both  the  model  and  the  wind  tunnel  instrumentation  need  to  be  adapted. 

These  instrumentation  problems  are  under  study  both  in  the  United  States  and  in  the  four  European 
countries  involved  in  the  ETW  project.  A  working  group,  the  ’’WC.!”,  attached  to  the  technical  group 
responsible  for  the  project,  plays  a  leading  and  coordinating  role  in  this  field  and,  more  generally,  in 
developing  the  cryogenic  technology  needed  for  low  temperature  tests.  This  paper  is  devoted  only  to  the 
European  activities. 

The  full  weighing  of  the  models  is  still  an  important  part  of  testing,  and  pLaces  ever-increasing 
demands  on  the  1  >rce  level  and  on  the  accuracy  of  the  measurements.  Complementary  and  parallel  programs 
have  been  going  on  in  all  four  countries  to  find  the  best  balances  possible.  Two  probative  cold  balances 
lone  from  the  NLR  and  the  other  from  ONERAi  have  been  proposed  for  final  approval  at  the  NASA  TCT  and 
ONEJiA  T2  cryo  tunnels. 

These  balance  studies  have  confirmed  the  feasibility  of  a  cold  instrument.  Several  technological 
alternatives  l welded  or  unwelded  structure)  and  several  ways  of  compensating  for  the  thermal  effects 
(direct  compensation,  computed  correction,  thermal  calibration)  seem  possible.  A  special  core  design  is 
needed  to  avoid  the  thermomechanicai  stresses. 

Existing  pneumatic  and  electronic  pressure  scanners  can  be  used  as  long  as  they  are  enclosed  in  a 
heated  housing.  The  housing,  though,  must  be  made  as  small  as  possible. 

Other  tests  in  cryogenic  chambers  have  shown  that  certain  miniaturized  unstationary  pressure  trans¬ 
ducers  can  be  used  without  change. 

Accelerometers  can  also  be  used  in  these  conditions,  e.g.  for  monitoring  purposes.  But  inclinometers 
will  probably  have  to  be  enclosed  in  a  warm  housing  as  the  model  angle  of  attack  is  to  be  measured 
accurately.  Optical  devices  can  be  used  to  measure  the  inclinometer  offset. 

Optical  procedures  are  being  developed  for  in-tunnel  model  deformation  measurements.  These  are  simple 
processes  yielding  a  global  rotational  value  (such  as  the  torsiometer ) ,  but  there  are  also  more  analytical 
processes  using  stereo  cameras. 

Special  probes  and  supports  are  used,  e.g.  in  the  T2,  to  measure  the  pressure  and  temperature  of  the 
flow  without  applying  thermal  or  mechanical  stresses  to  the  transducer  itself.  Skin  transducers  have 
also  been  developed. 

Finally,  model  Instrumentation  calls  for  developing  new  machining  techniques  for  pressure  holes  as 
small  as  0.1  mm.  The  gearmotors  and  Jacks  used  in  moving  the  model  and  patts  have  also  been  adapted  and 
tested  for  use  at  low  temperature- 

The  results  are  already  encouraging,  but  work  remains  to  be  done  in  many  fields.  European  organiza¬ 
tions  have  appropriate  test  facilities  for  this,  with  the  many  cryogenic  chambers  and  the  PETW,  T2  and  KKK 
wind  tinnels. 


1  -  INTRO DUCT 101 

Using  cryogenics  to  attain  high  Reynolds  numbers  similar  to  those  encountered  in  flight,  in  the  future 
European  wind  tunnel  (ETW)  and  in  smaller  national  facilities,  raises  questions  in  the  field  of  measure¬ 
ments  and,  more  generally,  as  concerns  the  feasibility  of  the  tests. 

This  is  why  the  ETW  Steering  Committee  created  working  group  WG.l,  with  one  representative  from  each  of 
the  four  countries  concerned,  and  one  ETW  technical  group  chairman. 
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BP  72 

92322  Chatillon  C'cdcx 
France 


l'he  group's  main  objectives  are  to  (Fig.  1): 

-  i<ient  itv  FTW  testing  problems  relatLng  to  the  models  and  supports,  instrumentation  and,  generally,  test 
techniques  and  systems 

-  recommend  certain  actions  fo  the  technical  group 

-  encourage  and  coordinate  research  in  these  fields  in  each  country  concerned,  considering  the  specific 
national  needs 

exchange  data  and  delegate  as  best  possible  the  actions  of  each  country  in  a  complement arv  fashion. 

TERMS  OF  REFERENCE  FOR  ETWWG1 


To  identify  the  technical  problems  areas  relevant  to  testing  in  ETW 
including  instrumentation,  testing  techniques,  model  design  and 
manufacture 

To  act  m  an  advisory  role  and  to  recommend  to  TG  ETW  any 
necessary  actions 

Jo  act  as  a  channel  of  communications  and  to  stimulate  and 
coordinate  work  on  these  problems  in  the  paiticipating  nations 
taking  into  account  the  national  programs 

To  encourage  actions  in  the  four  countries  involving  national 
establishments  industry  and  universities 
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Fig.  I  -  ETW  WO'.  I  Objectives. 


The  wind  tunnel  technical  group,  helped  by  the  recommendations  and  research  of  the  WG.l,  is  responsible 
for  conducting  a  "cryogenic  technology"  program  throughout  the  wind  tunnel  definition  and  construction 
stages. 

Taking  a  look  at  the  mainstream  of  research  that  has  been  going  on  in  the  four  r-ountries  up  till  now,  a 
certain  overlapping  can  be  observed  and,  surely,  some  areas  have  been  left  untouched. 

It  is  nonetheless  astonishing  to  observe  that  the  development  of  adapted  multicomponent  balances  has 
been  the  subject  of  intense  activity.  The  high  level  of  the  stresses,  (due  to  the  wind  tunnel  pressuriza¬ 
tion  and  the  present  or  foreseeable  evolution  in  aircraft  performance)  and  the  accuracy  needed  (in 
particular  for  the  drag  measurement)  already  calls  for  very  sophisticated,  ever-improving  instruments  even 
in  today's  noncryogenic  wind  tunnels. 

A  good  way  must  thus  be  found  to  compensate  for  thermal  and  thermomechnical  stresses  through  a  much 
larger  range  of  temperatures.  As  we  will  see,  the  warm-housed  balance  (Fig.  2)  was  discarded,  contrary  to 
the  other  traniducera,  because  of  the  special  role  this  transducer  plays  as  one  of  the  elements  in  the 
support  line,  .md  because  of  the  space  taken  up  inside  the  model,  which  is  often  a  determining  factor. 
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Fig.  2  ~  Possible  balance  in  cryogenics. 
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Less  t  inie  has  been  devoted  to  pressure  measurements,  because  ot  the  confidence  in  commercially  avail¬ 
able  pioducts.  This  is  justified  by  the  experience  acquired  in  current  installations,  and  by  additional 
experiments.  The  equipment  can  generally  be  insulated  and  reheated,  except  for  the  unsteady  skin  pressure 
transducers  where  the  sensitive  element  must  be  nearly  in  contact  with  the  cryogenic  flow. 

The  accelerometers  or  other  inclinometers  used  for  getting  an  accurate  measurement  of  the  model  angle 
of  attack  must  also  be  enclosed  in  a  warm  housing.  Although  the  volume  of  these  housings  creates  another 
dimensional  problem  that  must  be  solved  for  the  model  cavities,  the  feasibility  of  cryogenic  testing  does 
not  seem  to  depend  crucially  on  this  type  ot  measurement,  even  though  the  desired  precision  is  high 

(u.ori. 

Attitude  measurements  by  external  optical  systems  may  be  an  outgrowth  of  the  studies  conducted  to 
define  a  means  ot  characterizing  model  deformation. 

Thij  is  a  relatively  recent  need,  though  global  deformation  measurements  have  been  made  in  the  past  in 
the  large  wind  tunnels,  often  by  photography. 

The  desired  improvement  in  measurement  accuracy,  the  increased  importance  of  deformation  in  pressurized 
wind  tunnels  at  high  Reynolds  number-  ,  the  improvement  of  computer  systems  working  in  parallel  with  the 
wind  tunnel  measurements,  all  lead  to  a  much  greater  concern  for  the  identification  of  the  real  forms  of 
the  model  during  the  test.  Such  measurement  systems  will  of  course  have  to  be  adapted  to  cryogenics. 

Finally,  the  model  pressure  tubing  and  moving  element  motor  systems  are  commonly  included  in  the 
"instrumentation"  group  of  problems.  The  thinness  of  the  boundary  layer  at  high  Reynolds  numbers  creates 
new  construction  problems  as  concerns  the  model  surfacing  and  orifice  dimensions.  Similarly,  the  cold 
operation  of  the  motor  systems  and  displacement  transducers  will  require  adapted  technology,  first 
qualified  by  low  temperature  tests. 

The  European  cryogenics  program  has  not  as  of  yet  confronted  many  of  the  problems  already  listed,  e.g. 
the  visualization  problems  of  the  transition,  skin  flow  or  total  flow  (vortices),  for  which  test  facili¬ 
ties  such  as  ON ERA' s  T2,  the  KKK  of  the  DFVLR  or  even  the  PETW  must  be  used. 

There  is  also  the  question  of  transferring  special  tests  such  as  motorized  tests  with  pressurized  jets 
and  turbine  power  simulators  (TPS)  to  the  cryogenic  domain,  along  with  weighing  of  model  elements  (control 
surfaces,  nacelle,  rear  part),  air  intake  and  afterbody  tests  as  well  as  flutter  tests,  for  which  cryo¬ 
genics  offers  possibilities  of  better  similitude.  It  is  easy  to  imagine  the  work  that  remains  to  be  done 
to  adapt  to  cryogenics  the  special  instrumentation  used  in  these  tests.  The  WG.l  has  now  drawn  up  a  list 
of  these  priorities.  The  most  urgent  need  is  related  to  the  impact  that  a  given  requirement,  whether  a 
priority  item  or  not,  may  have  on  the  ETW  design. 

This  paper  presents  a  few  significant  examples  of  acquired  results  that  give  reason  for  us  to  look 
forward  to  the  most  classic-'  tests — overall  weighings  and  pressure  measurements — in  the  ETW  with  con¬ 
fidence.  Although  the  research  from  the  four  countries  is  mentioned  in  this  paper,  thanks  to  the  collabo¬ 
ration  of  the  other  WG.l  members,  for  the  sake  of  convenience  the  author  has  preferred  t<>  present  those 
contributions  he  knows  best,  to  Illustrate  the  state  of  the  instrumentation  we  can  expect  to  see  used  in 
the  ETW.  This  presentation  is  all  the  less  representative  of  the  full  volume  of  research  in  the  four  ETW 
countries  as  the  WG.l  has  touched  upon  many  subjects  other  than  instrumentation  (cryogenic  materials, 
supports,  models,  etc.). 


2  -  Hult 1 component  Sting  Balances 

2.1  -  General  Survey  of  Activities  in  Europe 

Figure  2  lists  the  various  types  of  internal  balance  that  could  be  used  for  cryogenic  wind  tunnel 
test lng : 

a  completely  insulated  balance  in  a  temperature-regul  ■■d  casing 

an  uninsulated  "cold"  balance 

a  balance  with  local  reheating  elements  to  limit  the  thermal  gradients. 

Aside  from  some  research  done  by  MBB  in  1979  |1)  on  a  conventional  1.5-inch  Able  balance  with  a  heated 
casing,  for  which  some  data  is  shown  in  figure  3,  all  of  tie  research  programs  have  been  oriented  toward 
uninsulated  balances. 

Essentially,  Insulated  balances  were  dropped  because  they  were  too  bulky  and  presented  mechanical 
strength  difficulties. 

While  the  NLR  was  designing  and  constructing  a  probative  balance  |2|,  the  RAE  was  constructing  a  "test 
bench",  a  veritable  miniature  cryogenic  wind  tunnel  (25  m/s,  0.3  m  *  0.3  m)  to  qualify  the  balance  before 
testing  the  model  in  the  TCT  in  collaboration  with  NASA. 

At  the  same  time,  ONERA  launched  a  preliminary  study  program  with  mechanical  test  pieces,  with  the 
purpose  of  defining  the  beer  metal  and  gages  to  be  used  and  developing  thermal  compensation  methods  that 
could  be  extended  to  the  domain  concerned.  The  final  goal  was  to  define  the  qualified  probative  balance 
used  in  the  T2  tunnel  (4  and  5j. 

After  the  first  few  dynamometer  tests,  the  DFVLR  designed  end  constructed  s  six-component  balance  whose 
behavior  was  identified  in  a  cryogenic  chamber  (6|.  MBB/VFW  designed  and  qualified  a  welded  balance  in  a 
cryogenic  chamber  I  7]. 

On  request  from  the  RAE,  the  Elven  Precision  company  designed  a  new  central  core  structure  (8|,  which 
has  yet  to  be  qualified  experimentally.  In  this  structurs,  the  axial  rigidity  is  concentrated  (for  90%) 


Fig.  3  -  Behavior  of  the  Able  MK  XXI 
balance  with  heated  casing  (MSB  data 1. 


at  a  single  point  close  to  the  drag  dynamometers,  located  at  one  end  of  the  balance  (Figs.  4  and  5).  This 
provides  a  better  longitudinal  and  lateral  symmetry  and,  theoretically,  allows  better  thermal  circulation 
because  of  the  central  core. 


As  problems  related  to  the  heat  transfers  between  the  model  and  the  balance  are  of  a  determining 
nature,  a  theoretical  research  program  has  been  launched  on  this  subject. 


Fig.  4  -  Exploded  view  of  the 
assymetrical  structure  made  by 
Elven  Precision. 


Fig.  5  -  Elven  Precision  balance  (photo). 
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l'wo  heat  transfer  calculations  were  made  in  an  effort  to  protect  the  thermal  gradient  in  the  model  and 
balance:  the  first,  bv  Oxford  University  | ^  and  10),  is  for  a  delta  wing  model  with  a  cold  balance;  the 
second,  bv  the  University  of  Essen,  is  more  recent  and  considers  a  tinellv  modeLed  (neatly  2,000  nodes) 
fighter  aircraft  with  its  balance  going  through  the  temperature  changes,  with  various  hypotheses  of 
convection  (forced  or  not)  during  the  balance  cooling  and  reheating  sequences. 


2.2  -  SLK  771  Balance  |2|  (Fir-  b) 

Development  studies  were  started  in  to  find  an  insulated  balance  that  can  be  used  in  cryogenics. 

The  "cold*1  alternative  was  chosen  because  uninsulated  dvnamometric  elements  were  needed  anvway,  tor  local 
weighings,  but  also  to  avoid  difficult  dimensional  problems  tor  the  main  balance,  in  particular  tor  the 
permeable  fighter  aircraft  fuselages. 


Fig.  6  -  NlR  771  Balance. 


The  basic  principle  was  to  use  a  conventional  desigi 
measurements  were  then  taken  at  numerous  points  on  the 
needed.  These  were  assumed  to  be  reproducible  even  in 

The  design  operation  conditions  with  combined  loads 


i  but  with  specially  chosen  materials.  Temperature 
balance,  to  compute  the  temperature  corrections 
the  case  of  transients. 

and  a  safety  factor  of  5.5,  are: 


X  ( drag ) 

¥  ( side  force ) 
Z  (lift) 

L  ( roll) 

M  ( pitch) 

N  (yaw) 


111  N 
300  N 
890  N 
14.5  Nm 
28  Nm 
13  Nm . 


The  balance  measures  X,  Z  and  M. 

The  balance  is  a  monoblock  structure.  Its  dimensions  (dia.  1”,  1  «  225  nnn)  and  fittings  were  designed 
tor  tests  in  the  NASA  TCT  tunnel  (0.3  m).  No  thermal  insulation  was  provided  for  at  the  attachments. 

A  maraging  250  steel  (Vakuraelt  Ultrafort  301  at  175  hbar)  was  chosen  in  agreement  with  NASA,  but  the 
NLR  says  that  a  roaraging  200  would  have  been  good  choice  too. 

The  structure  Is  fitted  with  Micro  Measurements  SK  21  031  CF  350  gages  protected  by  M-Bond  43  B. 

There  are  three  measurement  bridges  which,  in  the  final  configuration  (after  modifications  subsequent 
to  the  initial  testing  in  a  cryogenic  chamber),  includes  four  additional  transverse  gages  that  reduce  the 
hysteresis  effects  for  the  bending  bridges  ( R1  and  R3)  and  two  Wheatstone  bridges  connected  in  parallel  on 
either  side  of  the  balance,  for  the  drag  (bridge  R2).  In  all,  then,  there  are  24  gages  +  ten  the rmocoup los 
and  six  temperature  t.randucers  (Fig.  7).  The  tests  show  that  the  bending  bridges  behave  satisfactorily, 
with  a  unique  zero  drift  relation  as  a  function  of  the  temperature,  regardless  of  the  cooling  rate.  On 
the  other  hand,  an  added  thermomechanical  stress  appears  in  the  drag  bridge  when  the  thermal  gradient  is 
high  11°  for  curve  1  and  20”  for  curve  II),  because  of  the  high  10  K/mn  cooling  rate  (Fig.  8). 
it  is  possible  to  separate  these  stresses  and  to  determine  a  gradient  correction  law  (Fig.  9).  These  zero 
corrections  are  second-  and  third-order  polynomials. 


Fig.  7  -  Instrumentation  of  the  771  balance. 


The  sensitivity  variation  is  small  (  1  .  3^  for  the  bending  bridges  and  2.1%  for  the  drag  bridge),  and  is 

reproducible  and  linear  from  <00  K  to  SO  K.  NASA's  observations  on  the  reduced  change  of  thermal  sensi¬ 

tivity  of  the  bridges  including  the  tranverse  gages,  are  thus  confirmed. 

The  accuracy  of  the  balance,  once  modified  after  the  cryogenic  chamber  tests,  is  shown  in  figure  10, 
giving  of  the  quadratic  mean  deviation  and  the  maximum  deviation.  The  drag  accuracy  is  not  satisfactory 
because  of  the  t hermomechanica I  stresses  induced  by  the  thermal  gradients  in  the  center  part.  An  effort 
is  thus  needed  to  solve  thi9  problem,  and  the  central  core  will  probably  have  to  be  redesigned. 

To  determine  the  gradient  effects  under  conditions  that  are  more  like  wind  tunnel  test  conditions,  the 

balance  was  tested  in  the  KAE  test  bench  (Fig.  11),  with  and  without  the  protective  sheath  that  modifies 
the  convection  and  radiation  conditions  as  would  a  fuselage  (11  and  12).  in  additjon  to  confirming  the 
operation  of  the  balance  under  more  realistic  conditions  than  the  cryogenic  chamber,  it  was  observed  that 
the  temperature  distributions  were  greatly  affected  bv  the  sheath  (Fig.  12).  This  confirms  the  importance 
of  the  temperature  variation  conditions  demonstrated  by  the  Oxford  University  calculation.  The  difference 
in  figure  12  can  be  explained  by  a  preponderance  of  heat  transfer  at  the  ends  of  the  balance  in  the  first 
case  while,  with  the  sheath,  the  temperature  is  established  by  conduction  through  the  balance  itself. 
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Fig.  10  -  intimate  of  the  SLR  771  balance  accuracy 
between  VO  and  700  K. 


Fig.  11  -  Cryogenic  circuit  at  the 
RAE  Bedford  installation. 


The  effect  of  the  sheath  on  the  thermomechanical  stresses  speaks  for  itself  (Figs.  12  and  13):  with 
the  sheath,  the  .Terror  <  Fig.  13)  goes  from  to  2%,  while  the  uni formizat ion  time  increases  (the  thermal 
mas9  of  the  model  was  represented  by  a  block  fixed  upstream  of  the  balance). 


Fig ■  12  -  SLR  balance  test  at  the  RAE. 
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Fig.  i3  -  RAE  test  of  the  NLR  balance. 

These  tests  thus  showed  how  important  it  was  to  analyze  closely  the  internal  temperatures  and  the  exact 
conditions  in  which  the  balance  undergoes  the  temperature  level  changes.  They  also  confirm  the  advantage 
of  the  finite  element  calculations,  for  which  the  starting  hypothesis  must  be  verified  by  realistic 
exper iment  s . 

Finallv,  the  balance  was  ’sted  in  the  TCT .  The  tests  generated  the  temperature  distribution  in  the 
balance  and  the  stabilization  time  for  the  model-balance  and  sting  assembly,  and  also  established  the 
dynamometric  behavior  of  the  balance  In  a  domain  comparable  to  the  one  in  NASA's  HRC2  balance  test. 

The  data  analysts  should  be  available  in  the  first  quarter  of  1985. 

The  balance  temperature  variations  were  50  K  for  30  to  60  sec,  and  the  general  cooling  from  '300  to  100 
K  was  carried  out  at  a  rate  of  10  K/s.  The  gradient  in  the  balance  did  not  go  above  12  K,  and  was 
distributed  s vmet r i ca 1 1 y .  It  would  seem  that  the  gradients  were  high  in  these  TCT  tests,  with  the 
protective  sheath,  which  confirms  the  importance  of  the  convection  in  the  space  around  the  balance. 

2.3  -  ON  FRA  34  mm  dia.  cryogenic  balance  |5  and  13). 

ONFRA'  i  progress  was  more  gradual  because  of  the  time  devoted  to  the  preliminary  study  of  the  mater¬ 
ials,  of  i he  strain  gage  components  and  of  the  gage  behavior  on  the  various  possible  base  structure 
materials,  and  also  the  time  needed  for  several  experiments  in  a  cryogenic  environment,  using  dynamometer 
test  pieces,  which  were  also  used  to  improve  the  conventional  thermal  compensation  method  in  the  bridges. 

The  ten  dynamometric  test  pieces  used  in  the  tests  were  triangular  and  of  identical  dimensions,  which 
made  handling  and  experimentation  easier.  The  usable  service  area  is  large  enough  for  the  three  bridges 
comprising  four  gages  each,  and  for  various  resistors  (Fig.  14). 


Fig.  14  -  0NERA  dynamometric  test  pieces. 


Various  types  of  steel  were  studied,  including  the 
conventional  ONERA  balances.  Armco  15- 5- PH  stainless 
manufacturers,  was  also  used  along  with  various  types 
their  resilience  decreases  little  with  the  cold.  Two 
beryllium  bronze,  were  also  chosen  because  of  their  s| 
elastic  qualities. 


V  300  (45  SCD6)  spring  steel  usually  used  for 
steel,  similar  to  1 7-4-PH  used  by  most  dynamometer 
of  oaraging  steel  recommended  for  cryogenics  because 
other  alloys,  the  Fe-Ni  alloy  Durinval  C  and 
>ecial  thermal  characteristics,  in  addition  to  their 


The  test  pieces  included  either  two  or  three  bridges,  consisting  of  gages  made  of  different  alloys. 
These  alloys  were:  Karma  1 niekel~chroae) ,  recommended  for  cryogenics  (three  types  were  tested},  grade 
A-06  constantan  used  at  atmospheric  temperature  for  precision  dynamometers,  and  platinum-tungsten.  The 
latter  material  has  a  higher  k  factor  than  the  alloys  (4.5  instead  of  2),  which  varies  with  the  tempera¬ 
ture  in  the  same  proportion  as  the  Young’s  modulus  of  the  V  300  steel.  This  means  that  dynamometers  made 
of  this  material  se Lf-compensate  for  the  temperature  coefficient  sensitivity.  Four  types  of  adhesive  were 
also  tested. 


Each  test  piece,  mounted  on  a  frame  with  the  holes  in  its  base,  was  bent  under  a  normal  force  applied 
to  a  point  engraved  at  the  apex  of  the  test  piece  triangle.  The  relative  stresses  and  strains  on  the 
center  part  of  the  test  piece,  of  constant  2  mm  thickness,  is  uniform  over  the  entire  surface,  which  makes 
it  easier  to  compare  the  bridges.  The  forces  were  applied  with  weights,  in  increasing  and  decreasing 
increments.  The  bridges  were  supplied  with  a  regulated  8  V  direct  current. 

The  dynamometric  sensitivity,  hysteresis  and  creep  characteristics  of  the  test  pieces  were  determined 
tor  each  bridge,  tor  various  relative  strains  up  to  a  maximum  ltran/m  ,  and  for  various  temperature  levels 
between  100  K  and  300  K. 


The  hysteresis  and  creep  effects  largely  characterize  the  measuring  accuracy.  These  stresses  are  due 
to  the  test  piece  metal  and  to  the  gages  and  adhesives  used.  The  data  show  that  their  relative  impor¬ 
tance,  which  is  1  *  10" j  at  atmospheric  temperature,  decreases  as  the  temperature  goes  down. 

The  temperature  varies  the  resistance  of  the  gages  and,  consequently,  the  zero  (no-load  signal}  of  the 
bridges,  if  the  thermal  variation  of  the  four  arms  of  the  bridges  (gages  +  wires)  are  not  equal.  It  also 
varies  the  dynamometric  sensitivity  (signal/load  ratio)  of  the  bridges.  These  two  types  of  variation 
differ  depending  on  the  gages  and  on  the  metal  they  are  bonded  to.  In  effect,  they  depend  on  the  expan¬ 
sion  coefficients  and  on  the  thermal  coefficients  CTR.  CTK  and  CTE  specific  to  the  gages  and  to  the 
materials.  It  is  thus  possible  to  minimize  these  defects  by  a  proper  choice  of  the  constituent  materials 
14). 

The  resistance,  zero  and  sensitivity  of  all  of  the  bridges  were  measured  between  100  and  300  K.  It  was 
shown  that,  for  the  steel  test  pieces,  the  variations  were  the  smallest  with  the  Karma  gages;  but  these 
gages  are  most  often  nonlinear  in  the  thermal  domain  considered.  Special  processes  have  been  developed  to 
linearize  and  compensate  the  zero  and  sensitivity  variations  with  a  good  degree  of  precision,  regardless 
of  the  sense  of  curvature,  in  the  bridges  themselves. 

The  tests  on  the  teat  pieces  also  made  it  possible  to  study  the  effect  the  protective  products  have  on 
the  heat  dissipation  of  the  gages,  to  determine  the  effects  of  the  cold  on  the  stiffness  of  the  components 
bonded  to  the  test  piece,  and  to  test  the  strength  and  reliability  of  these  components  under  the  combined 
effects  of  the  cold  (120  K)  and  mechanical  vibrations  (up  to  1  million  cycleB,  amplitude  i  1  mm/m, 
frequency  10  Hz).  All  of  the  data  acquired  during  the  preliminary  experiments,  aimed  at  controlling  the 
zero  and  sensitivity  drifts,  led  to  the  decision  to  construct  a  cold  balance.  The  study  of  a  balance 
structure  minimizing  the  thermomechanical  effects  was  launched. 

In  addition  to  its  gage  bridges,  the  balance  (Fig.  IS)  includes  controlled  heating  devices  for  creating 
artificial  thermal  gradients,  to  study  their  effects.  The  dimensions  and  openings  in  the  balance  were 
designed  so  the  balance  could  be  calibrated  in  the  cryogenic  chamber  and  then  serve  later  in  aerodynamics 
qualification  te9ts  in  the  CERT  Tl  crvo  wind  tunnel. 


Fig.  15  -  ONERA  Cryogenic  balance. 

2 

The  balance,  made  of  Narval  18  aaraging  steel  treated  to  obtain  a  1,700  N/rrn  rupture  strength,  has 
an  outer  diameter  of  24  mm  and  an  overall  length  of  210  mm  (Fig.  15).  Two  cylindrical  metal  protective 
casings  are  fastened  to  the  front  and  rear. 


The  instrument  was  designed  to  measure  the  three  force  components  IX,  2fft) ,  but  the  structure  can  also 
measure  (  K,  X,  L) .  It  was  designed  and  optimized,  especially  for  the  ^measurement  part,  by  a  finite 
element  computation  program.  The  nominal  capabilities  are: 


X  -  ♦  250  N 
2  •  ♦  800  N 
N  •  ♦  65  N-m. 


hill 


The  axial  X  component  is  measured  by  two  gages  working  as  shear  gages,  placed  in  tandem  at  the  center 
of  the  balance.  Their  axial  rigidity  is  large  compared  with  that  of  the  vertical  blades  (calculated  ratio 
of  12.8)  constituting  the  elastic  parallelogram  that  encloses  them  and  decouples  them  from  the  other 
components.  The  insensitivity  of  the  X  measurements  to  the  thermomechanical  forces  was  demonstrated  in  a 
prior  calculation. 


The  balance  is  fitted  with  five  bridges  of  grade  SK  IT  Karma  gages  with  a  resistance  ot  ISO  11.  The 
three  bridges  measuring  the  ( .1,  2,  M)  components  include  eight  specially  arranged  gages  (laid  lengthwise 
and  crosswise  like  the  bridge  arms)  to  minimize  the  temperature  effect.  Two  other  bridges,  made  of  four 
identical  gages  arranged  in  a  more  conventional  fashion,  are  used  as  references  for  comparing  the  thermal 
stresses  and  can,  it  needed,  measure  the  Y  and  X  components.  The  rest  of  the  instrumentation  consists  of 
tour  film  resistors  for  heating,  and  eight  Cu-Ct  thermocouples  placed  along  the  length  of  the  structure  to 
study  the  thermal  gradients  and  stresses. 

The  dynamometric  calibration  ot  the  balance,  carried  out  at  atmospheric  temperature  on  a  special 
six-component  bench,  revealed  a  very  good  mechanical  behavior.  The  bridge  response  to  the  main  stresses 
is  linear.  The  X  bridge  sensitivity,  for  example,  is  37  pV/N  (with  a  b  V  supply).  The  interactions  are 
relatively  small.  The  measurement  accuracy  is  0.5  x  10”-*  of  full  range. 

The  zero  drift  ot  all  of  the  bridges  and  half-bridges  was  measured  between  ♦  20  and  -  180°  C.  These 
variations,  which  were  more  or  less  curved  and  varied  more  or  less  from  one  bridge  to  the  next,  were 
linearized  and  compensated  by  the  processes  developed  during  the  tests  on  the  test  pieces.  The  residual 
slopes  and  curvatures  are  less  than  1  x  10"-*. 


The  bridge  temperature  sensitivity  variations  were  thus  determined  by  calibrations  at  different 
temperature  levels.  The  sensitivity  decreases  with  the  cold,  but  the  bridge  linearity  and  hysteresis 
remains  very  good  throughout  the  entire  temperature  domain  explored.  The  relative  variations  from  ♦  20"  C 
to  -  180°  C  are  -  12.4  x  10~*  for  the  abridge,  -  IV  *  10"-*  for  the  specially  wired  2  and  Abridges,  and  - 
30.6  <  10'*  for  the  reference  bridges.  They  are  1.6  times  less,  and  also  more  linear,  for  the  special 
bridges  than  for  conventional  bridges.  Compensation  was  provided  for  these  variations  in  the  X,  X  and  N 
bridges,  and  figure  16  shows  the  quality  of  the  2ero  and  sensitivity  corrections  for  the  A' bridge. 

The  effect  of  the  thermal  gradients  was  studied,  first  by  rapidly  changing  the  temperature  of  the 
chamber  containing  the  balance. 


The  bridges,  including  the  drag  bridge,  were  practically  unaffected  by  the  thermomechanical  stresses. 
In  the  first  tests,  where  the  balance  was  stripped  of  its  protection,  the  differential  thermocouple 
effects  of  the  internal  wire  soldering  in  three  of  the  ten  half-bridges,  probably  due  to  the  different 
sizes  and  thermal  inertias,  were  shown  by  cutting  off  or  reversing  the  electrical  power  supply.  The 
parasitic  effects  were  very  much  attenuated  once  the  casings  were  installed  and  local  protection  was 
provided  for  the  wiring. 


For  the  gradient  tests,  the  balance  was  first  stabilized  at  -  20°  C,  -80°  C  and  -  170°  C,  and  was  then 
heated  locally  by  one  or  another  of  the  resistors  bonded  to  the  structure.  The  results  confirmed  the 
previous  data  (Fig.  16). 


Fig .  16  -  Thermal  stresses  on  the  drag  bridge 
of  the  ONERA  balance . 


Laboratory  experiments  have  thua  shown  that  is  possible,  juat  as  for  the  conventional  balances,  to 
compensate  the  thermal  effects  (zero  and  sensitivity)  and  the  thermomechanical  effects  related  to  gra¬ 
dients  up  to  20",  in  a  domair  going  from  100  to  300  K. 


The  results  obtained  on  a  particular  mean-capacity  24  mm  dia.  balance  cannot  be  generalized  without 
reservation.  We  know,  in  particular,  that  this  type  of  balance  becomes  more  sensitive  to  the  thermo¬ 
mechanical  stresses  as  the  dimension  and  thua  the  thermal  inertias  increase. 


The  final  quallf icatlon  test  of  the  prototype  balance  thus  consisted  of  an  actual  test  in  the  T2  wind 

tunnel.  For  this  test,  which  was  supposed  to  be  as  realistic  as  possible,  a  simple  model  had  to  be 

created  with  a  support.  The  assembly  had  to  be  dimensioned  and  designed  to  fit  into  the  test  section.  As 
a  blowdown-type  wind  tunnel  was  used,  the  model  had  to  be  precooled  outside  the  test  section  and  placed  in 
a  steady  flow,  for  measurements  to  be  taken  in  a  stabilized  regime.  A  specific  system  had  to  be  created 
for  inse  ting  the  model  Into  the  test  section  for  these  tests.  Only  the  cold  blower  part  of  the  existing 

model  co  ’  g  system  for  the  wind  tunnel  (Fig.  17  and  18)  in  2D  flow  could  be  reused. 


The  purpose  of  the  tests  was  thus  to  check  the  behavior  of  the  balance  in  the  wind  tunnel  and  the 
accuracy  of  the  instrument  under  realistic  operating  conditions.  To  evaluate  this  accuracy,  the  zero 
returns  and  any  sensitivity  drifts  had  to  be  analized.  It  was  also  interesting  to  note  the  temperature 
variations  in  the  balance. 

The  model  included  four  thermocouples  (three  on  the  wing  and  one  on  the  fuselage)  (Fig.  19).  The  test 
program  included  Mach  number  variations  from  0.6  to  0.8,  stagnation  pressure  variations  from  1.5  to  '3  bar, 
stagnation  temperature  variations  from  300  K  to  120  K,  and  model  angle  of  attack  step  variations. 


Fig.  19  -  Position  of  the  thermocouples 
on  the  model  and  on  the  . 


Several  difficulties  appeared,  in  particular  the  formation  of  ice  on  the  model  and  sometimes  on  the 
balance  during  precooling.  This  was  due  to  a  faulty  seal  of  the  "drawer”  from  the  atmospheric  air. 

During  the  20  K/mn  precooling,  a  thermal  gradient  reaching  36°  was  observed  in  the  balance,  and  the 
measurement  bridge  signals  vary  and  gradually  return  and  stabilize.  The  maximum  X  error  under  these 
conditions  is  no  more  than  0.3  N,  which  confirms  the  data  from  calculations  and  during  calibration  (Fig. 
20). 


MODEL  AND  BALANCE  COOLING  BEFORE  RUN  36 

Fig.  20  -  Balance  test  in  T2. 


1  . 


ft  13 


7 


V 

! 


During  a  blowdown  with  precooling,  which  is  the  way  of  simulating  normal  conditions  for  the  balance  in 
a  wind  tunnel  like  the  ETW,  we  observe  that  the  balance  temperature  remains  stable  as  the  slight  gradient 
that  develops  does  not  exceed  some  .  The  result  is  that  the  signals  are  perfectly  stable  when  the  flow 
is  stabilized  (Fig.  21). 

When  the  model  and  balance  are  not  cooled  beforehand,  we  observe  (Fig.  22)  that  the  model  reaches  the 
test  section  temperature  almost  uniformly  (A  -  5  K)  some  ten  seconds  after  the  stagnation  conditions 
stabilize,  and  that  the  balance  drifts  slowly  (some  10  K)  during  the  blowdown,  with  a  smalL  gradient  of  5 
K.  The  drag  and  lift  measurements  remain  stable.  We  observe  a  drift  in  lateral  reference  bridge  N1 
(conventional  design)  of  -  0.26  mfJ.  We  may  thus  conclude  that  conventional  balances  can  be  used  in  a 
blowdown  tunnel  like  the  T2,  with  a  good  temperature  compensat ion  at  the  level  of  the  bridge. 
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Fig.  21  -  Balance  test  in  T2. 

The  last  graph  presented  here  (Fig.  23)  is  for  a  blowdown  at  atmopheric  temperature,  with  the  model- 
balance  assembly  precooled.  When  the  balance  remains  cold,  the  model  quickly  returns  to  atmospheric 
temperature.  The  results  obtained  from  a  blowdown  at  atmospheric  temperature  with  the  model  and  balance 
uncooled  are  given  in  the  figure.  The  comparison  demonstrates  that  the  same  drag  and  the  same  lift  are 
found  whether  the  balance  is  cold  or  warm,  using  the  same  computation  matrix  despite  the  0.2  K/s  thermal 
drift  of  the  balance  and  longitudinal  gradient  10  K. 
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The  zero  variations  of  the  Abridge,  between  the  time  it  left  the  laboratory  and  the  time  it  returned 
after  5?  blowdowns,  corresponds  to  2  N,  or  some  1%  of  the  full  range. 


2.4-  DFVLR  balance  1 6 ) . 

After  starting  with  a  few  dynamometer  tests  under  cryogenic  conditions,  the  DFVLR  constructed  a 
six-component  balance  equiped  at  first  with  SK09  gages.  The  structure  is  made  of  Vakumelt  Ultrafort  '301 
maraging  steel.  The  diameter  is  '30  na  (Figs.  24  and  25). 
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Fig,  24  -  DFVLR  six-component  balance. 


1000  N 
2000  N 
5000  Ncm 
15000  Ncm 
8000  Ncm 


Fig.  25  -  Components 
used  constructing 


Bridge 

2> 

7.2 

XL 

XR  1 

^  Strain  Gauges 

j  SK-09-060PH500 

SK-09-060P8500 

WK-09-060PB500 

KK-09-060PB500 

i  Number  :>f  Gauges 

1 

i  a 

8 

, 

4 

Bond 

j 

’  M-Bond  6)0 

i 

M-Bond  610 

M-Bond  610 

M-Bond  6’0 

Solder 

j  161  A-20R 

361  A-20R 

36  1  A- 2  OR 

361  A-20R 

Sol. lei  points 

|  CE G  25C 

CEG  25C 

CEG  25C 

CEG  25C 

Coating 

M-Bond  4  3B 

| 

M-Bond  4  3B 

M-Bona  43B 

M-Bond  43  B  | 

Wiring  nit. 

1  134  AWQ 

I 

Lacquer  insu¬ 
lated  copper 

wire  10  0.1mm) 

Lacquer  insula¬ 
ted  copper  wire 

10  0 . 1  mm 1 

Lacquer  insulated 
copper  wire 

1  0  0 . 1mm) 

j  ext. 

}  38  MT  ?46 

38  MT  746 

38  MT  746 

38  MT  746  •• 

Coloot 

1  violet 

1 

white 

yellow 

red 

*  r.  n  Sn.  16.65%  Pb ,  0. 35%  Sb 
*•  Thermax  Wire;  silverplatecj,  2.6  Ohm/Meter 

The  balance  was  further  machined  and  reinstrumented  for  thermocouples. 


The  particular  feature  of  this  balance  is  its  heating  elements,  to  make  the  temperature  uniform.  These 
elements  are  controlled  by  indications  from  the  thermocouples. 

The  balance  includes  four  Cu-Ct  thermocouples.  Two  of  them  are  installed  between  the  two  conic  ends 
and  the  dynamomet ric  area.  The  other  two  are  located  in  the  triangular  frame  enclosing  the  drag  element  . 

The  front  and  aft  measurement  sections  include  two  bridges,  Zl  and  Z2,  with  eight  gages  each.  The  two 
drag  gages  to  the  left  and  right  of  the  central  part  consist  of  four-gage  bridges,  denoted  for  the  left 
and  Xg  for  the  right. 

The  equipment  characterist ics  are:  SK.09.060  PB  500  gages  for  Zl  and  Z2,  and  WK.09.060  PB  500  gages 
tor  the  other  two,  adhesive  M.610,  solder  '361  A.  20  R. 


The  bridges  are  supplied  with  5  V  dc.  The  test  was  carried  out  in  a  Cryoson  temperature  chamber 
equipped  with  a  system  for  applying  forces  and  moments  to  the  balance. 

A  certain  number  nf  tests  were  carried  out  to  determine  the  bridge  zero  drifts  as  the  temperature  in 
the  chamber  was  lowered  continuously.  Going  from  194  K  to  144  K  in  40  min,  for  example  (Fig.  26),  bridges 
Zl  and  Z2  gradually  vary  some  -  40  pV.  The  drag  bridges,  though,  vary  with  sign  changes:  X^,  the  only 
one  shown  here,  goes  down  80  pV  in  the  first  minutes  and  then  gradually  rises  to  +  20  pV  difference  after 
stabi 1 1 zat Ion  at  144  K.  This  stems  from  thermomechanical  effects. 

The  zero  variations  in  stabilized  steps  are  approximately  +  0.6  pV/K  for  Zl  and  22.  with  slight 
curvature,  while  the  variations  of  X i  and  Xjg%  of  reverse  sign  from  the  preceding  ones,  show  very  sharp 
curvat  ures . 

The  relative  sensitivity  variations  with  temperature  are  ♦  0.07  *  10~^/K  for  the  Zl  and  Z2  bridges,  and 
approximately  ♦  0.2  «  10~*/K  for  X^  and  Xg  (Fig.  27). 
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2.3-  HBB/VFW  balance  1  7 ) . 

The  particular  feature  of  this  cold  balance  is  that  it  is  made  from  electron-beam  welded  elements,  not 
electro-erosion  machined  as  the  previous  ones  are  (Figs.  28  and  29).  Moreover,  the  thermal  effects  are 
corrected  for  at  the  analysis  stage,  with  predetermined  third-order  polynomials.  The  additional  gages  are 
bonded  to  the  elastic  parallelogram  blades,  though,  to  provide  certain  thermal  corrections  for  the  main 
drag  measurement,  by  the  method  M.  Dubois  developed  at  ONERA . 


For  the  manufacturer,  the  fact  of  using  the  numerical  corrections  simplifies  the  balance  instrumenta¬ 
tion  and  provides  a  simple  way  of  correcting  for  the  nonlinearities.  This  is  substantiated  by  an  analysis 
of  the  causes  for  the  bridge  signal  variations  and  of  the  orders  of  magnitude. 

Tests  were  first  carried  out  on  three  bending  bars  of  the  following  maraging  steels: 


-  Thyrodur  2706  ( X2 

-  Thyrodur  2709  ( X2 


N I COMO 
Ml COMO 


1885): 

18125): 


2  bars,  noa.  10  and  11 
1  bar,  no.  12. 


/>-!/> 


Bar  no. 
gages  were 


t 1  was  cut  in  the  middle  of 
bonded  to  this  welded  part. 


the  dynamometric  area  and  then  rewelded  by  electron  beam.  The 
to  compare  the  elastic  behavior  to  that  ot  the  other  two  bars. 


The  instrumentation  was  identical  on  all  three  bars: 


Cages:  Micro-Measurement  WK.06. 125  PC.  350 

Adhesive:  M.610  ( Micro-Measurements ) 

Internal  wiring:  1  '34  AWP,  polyurethane  insulator  AW(J  54 

Solder:  36 l  A. 20  R  t  Micro-Measurement ) . 

The  three  bars  were  subjected  to  maximum  relative  strains  ot  1.0  mm/m.  The  bridges  were  supplied  with 
S  V  4c. 

The  tests  at  atmospheric  temperature  show  that  the  two  types  of  steel  behaved  similarly.  The  hysteres¬ 
is  is  positive,  and  that  of  the  welded  bar  is  l . 3  times  greater  than  that  ot  the  other  two  (fig.  23' 

The  temperature  variation  of  the  zero  for  the  three  bridges  is  in  a  range  t  0.5  pV/K  (t  0.4  «  10“^ 
l AR/Rl/K) .  The  relative  sensitivity  variation  with  temperature  is  approximately  0. 1 5  ■  10“  */K.  These 
variations  were  not  compensated  for,  but  were  represented  by  polynomial  expressions. 

The  results  obtained  on  the  three  test  pieces  were  used  as  the  basis  for  defining  the  six-compoi.  nt 
"cold"  type  balance. 

The  balance  is  made  ot  Thvrodur  2706  and  has  a  diameter  of  30  ram.  It  is  fitted  with  Micro  Measurement 
WK.06  125. BT  350  and  MM  WK.06  062  AP  350  gages  bonded  with  Micro  Measurement  M.  Bond  610.  The  bridges  are 
supplied  in  common.  Eight  temperature  measurements  are  used  foe  the  zero  and  sensitivity  corrections, 
calculated  from  the  laws  generated  by  the  test  on  the  test  pieces  (Figs.  30  and  31). 
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Fig.  31  -  Temperature  effects  on  Y /  and  X,  and  errors  remaining  after 
corrections 
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Calibrations  at  cryogenic  temperatures,  200  K  and  125  K,  show  that  there  were  thermal  gradient  problems 
making  it  difficult  to  measure  the  temperature  with  the  accuracy  required  tor  the  correction,  furthermore, 
the  gradients  cause  t hermomechanical  stresses  in  the  central  part  that  cannot  be  properly  corrected  for. 

This  experiment,  considered  as  a  first  attempt,  has  shown  the  feasibility  of  the  welded  balance. 

Studies  are  continuing,  to  improve  the  correction  for  the  thermal  effects  by  using  the  temperature 
measurement . 

2.6  -  Heat  transfer  calculations 

The  heat  transfer  calculations  by  finite  element  method  have  yielded  preciouB  information  on  the 
temperature  gradients  in  the  balance  structure.  A  preliminary  study  at  Oxford  University  19  and  101  wth 
a  simplified  delta-wing  model  drew  attention  to  how  difficult  it  is  to  obtain  a  model  skin  temperature 
with  a  heated  balance  that  will  satisfy  the  Green,  Weeks  and  Pugh  criterion.  These  calculations  with  the 
NLK  balance  and  NASA  model  show,  moreover,  the  advantage  of  cooling  the  model-balance  assembly  uniformly 
to  80  K  to  limit  the  gradients  and  the  temperature  level  change  times  during  the  tests  (Figs.  12  to  ) . 
Recent  calculations  from  the  University  of  Essen  also  make  it  possible  to  determine  the  behavior  of  the 
model  and  balance  (with  and  without  protective  sheath)  during  the  temperature  conditioning:  cooling  by 
liquid  nitrogen  spray  and  reheating  bv  radiation  or  forced  convection  (Figs.  15  to  18).  Experiments  are 
needed  to  verify  these  possibilities. 
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Fig.  32  -  Finite  element  representation  ot  the  model 
at  M  •  0.85,  after  cooling  to  80  K 


Tempetature  [K  j 


Fig.  33  -  Temperature  variation  at  N  m  0.85 
with  reheated  balance 


Fig.  34  -  Temperature  variations  for  a  blovdown 
at  M  •  0.85.  after  cooling  to  80  K 
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Fig.  35  -  Finite  element  calculation 
at  the  University  of  Essen 
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In  conclusion,  we  can  say  that  the  various  European  efforts  have  validated  the  concept  of  the  cold 
balance.  The  different  ways  of  compensating  tor  the  effect  of  temperature  on  the  bridge  zero  and  sensiti¬ 
vity  are  very  encouraging,  whether  they  involve  a  direct  real  compensation  or  a  numerical  correction  after 
t  he  measurement . 

The  problem  deserving  the  most  attention  is  the  need  to  minimize  the  thermomechanical  effects  on  these 
st ruituies.  The  results  obtained  with  the  ON ERA  balance  show  that  there  should  be  a  solution  for  this. 


3  -  PRESSURE  TRANSDUCERS 

Three  categories  of  transducers  were  considered: 

./)  pneumatic  <]  transducer)  or  electronic  1  n  transducers  on  a  single  support)  scanner  svstem  used  for 
measuring  many  pressure  points,  generally  in  a  steady  flow, 

hi  autonomous  transducers  used  tor  a  limited  number  of  steady  measurements  requiring  the  best  possible 
accuracy. 

-)  autonomous  miniature  "unsteady"  transducers,  often  in  contact  with  the  flow,  or  at  least  in  the 
immediate  vincinitv  of  the  flow,  to  minimize  the  response  time. 


5.1  -  Scanner  system 


For  the  " Sc an i valve"  mechanical  scanners  widely  used  in  wind  tunnel  applications,  it  is  impossible  to 
ope»f*te  in  temperatures  very  different  from  atmospheric.  A  scanner  was  tested  at  ON  ERA  in  an  insulated, 
warmed  housing  in  a  cryogenic  chamber  specially  designed  for  tranducer  tests  (14)  IF'ig.  3^>.  The  system 
is  well  regulated  at  local  temperatures  but,  as  coujd  be  expected,  it  overheats  at  atmospheric  tempera¬ 
tures  because  of  the  heat  dissipated  from  the  scanner  itself.  Certain  zero  and  sensitivity  drifts  (up  to 
t*%  >  result  from  the  thermal  differences  existing  inside  the  housing.  These  are  detected  by  eight  detector 
t  he  rmocoup les . 


temperature  control  system  (2  CuCl  thermocouples) 
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Fig.  J9  -  ScanivaJve 
48S8.  Druck 
transducer  PDCR  22. 


I  he  repeat  ab  1 1  i  i  v  j  s  /.H  •  lb'1  oi  lull  range  <120  K).  frequent  i  a)  ilir-n  ion;,  with  -kii  ■  tn-i  t  «-t  ••  n-n.  «• 
pr*ssuies  should  improve  the  quiliry  ot  the  measurement.  The  main  problem  i  :•  :;t  i  1  1  i  ti<-  fm  I K  <>f  r  h<-  wjimvd 
hou;;  l  ngs  . 

If  mv  be  thought  that  a  design  ut  the  same  type  would  be  usable  tor  «•!<•<  t  ronic  si  .tnnei  :•  <  !  >  y .  it.M. 
which  aie  more  and  more  widely  used  in  wind  tunnels  because  they  greatly  in<  reme  the  a>  i}u  j  .•>  i  I  i  mi  rate  <  hv 
is  much  as  50  rimes). 


these  modular  pressure  scanners  dissipate  much  less  heat  and  make  it  easier  to  regulate  the  housing 
t  empet at ure . 

Many  laboratory  tests,  followed  by  wind  tunnel  tests,  evaluating  this  new  pressure  scanner  device  have 
given  reason  tor  a  certain  level  of  confidence.  In  particular,  the  system  ot  transducers  is  no  more 
sensitive  to  thermal  effects  around  atmospheric  temperature  than  is  an  autonomous  transducer  (Fig.  41), 
and  the  reca 1 ihrat ion  possibilities  offer  the  hope  of  correcting  the  variations  due  to  the  housing 
regulation  and  to  the  thermal  inertia  of  the  transducer  module.  This  also  entails  increasing  the  volume 
ot  the  instrument. 
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fig.  •ii  -  Effects  of  r  emperat  ure 
on  the  transducer  coefficients. 
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Many  tests  have  been  carried  out  on  transducers  alone,  for  example  at  MBB  and  at  UNERA ,  in  cryogenic 
chambers  specially  designed  tor  this  type  of  calibration.  The  CWEflA  test  bench  f)4l  simujates  the 
temperature,  but.  also  the  ambient  pressure  around  the  transducers,  to  detect  possible  thermomechanical  or 
mechanical  responses,  the  pressure  to  be  measured  and  the  reference  pressure  of  the  differential  trans¬ 
ducers.  Precautions  are  taken  to  avoid  convection  between  the  transducers  and  the  reference  instrument 
under  atmospheric  conditions. 

One  end  of  a  helical  shock  tube  was  cooled  to  cryogenic  level  to  study  how  the  dynamic  characteristics 
of  transducers  used  tor  unsteady  measurements  varied  with  the  cold.  To  avoid  icing,  the  tube  was  flushed 
with  dry  nitrogen  tor  cooling.  A  plot  is  shown  in  figure  42. 
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i .  2  .  -  f randucers  alone 


The  MBB  calibration  data  lib)  for  various  types  of  resistor  or  semiconductor  transducer  (Fig.  show 

wide  zero  and  sensitivity  variations  that  are  often  nonlinear,  and  also  show  hysteresis  effects.  from 
this  point  of  view,  the  resistance  transducer  behaves  better.  The  MBB  tests  do  not  confirm  UNERA'  & 
unsuccessful  calibration  of  a  Druck  PDCR  22  transducer  Mow  260  K.  Further  testing  is  thus  needed. 


The  miniature  semiconductor  transducers  are  characterized  by  a  weak  hysteresis  and  by  the  possibiity  of 
functioning  correctly  at  low  temperature.  However,  the  wide  zero  and  sensitivity  variations  cannot  be 
compensated  for  and  temperature  corrections  thus  have  to  be  provided  for  these  transducers,  which  are 
generally  used  without  thermal  protection. 


i .  '3  -  Use  of  the  pressure  transducers 

When  the  ONERA  CERT  XL  wind  tunnel  was  converted  for  cryogenics,  this  provided  an  opportunity  for  using 
some  pressure  transducers  under  cryogenic  conditions,  although  these  were  mo9t  often  the  transducers 
measuring  the  flow  characteristics,  as  the  model's  gages  are  placed  outside  the  test  section  and  are  not 
In  contact  with  the  cold  medium. 

The  T2  team  set  up  a  small  calibration  bench  for  its  own  needs,  with  a  cooling  rate  variation  control 
to  detect  any  gradients.  The  calibrations  were  also  carried  out  in  the  T’2  and  T'3  wind  tunnels.  Among 
the  various  transducers  tested,  the  Kulite  XCQ  093  transducer  <K-type  doping,  silicon  membrane)  was 
adopted  for  a  boundary  layer /wake  probe.  The  original  compensation  was  removed,  to  decrease  the  non- 
linearities,  and  a  dual  system  is  used  for  measuring  the  voltage  and  current  at  the  transducer  terminals. 
Two  laws,  each  depending  only  on  the  current,  express  both  the  zero  variations  and  the  sensitivity 
variations  as  a  function  of  temperature  and  eliminate  the  T  measurement  errors  due  to  the  gradients.  The 
bridge  resistance  is,  in  effect,  a  direct  function  of  the  temperature. 

The  transducer  is  mounted  in  a  PTFE  Teflon  insulating  ring  in  the  probe.  The  probe  body  can  be  fitted 
with  different  end  pieces  adapted  to  the  type  of  measurement  to  be  taken  (  Fig.  44). 
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To  study  the  boundary  layer  noises,  the  CERT  tested  two  wall  mounts  with  different  passbands.  The 
.lecond  mount  is  preferred,  though,  because  of  the  transducer  temperature  stability  during  the  few  minutes  I 

of  testing.  Another  wall  mount,  derived  from  the  probe  described  above,  is  used  successfully  without 

temperature  effects.  For  a  prolonged  use,  corrections  are  possible  as  they  are  for  the  probe.  J 

Between  1482  and  1484,  I’J  Kulit* »  and  Endevco  transducers  were  tested  at  the  CERT,  either  individually  I 

or  mounted  in  a  probe.  These  tests  confirm  the  better  behavior  of  the  Kulite  model  above.  New,  more  ' 

compact  (4  mm  diameter  instead  of  6  mm)  measurement  probes  have  been  constructed  and  qualified.  The 
insulating  ring  has  been  replaced  by  a  Teflon  film  providing  the  seal. 

The  situation  thus  seems  rather  favorable  for  the  pressure  measurements,  although  using  a  warm  housing 
tor  the  scanners  or  individual  transducer  load  down  the  model,  by  nature.  The  T2  experience  confirms  that 
certain  miniature  unsteady  transducers  can  be  used  directly. 

I 

4  -  Other  Transducer* 

4.1  -  Accelerometers 


NRR  has  tested  an  Cndevco  212  piezo  crystal  transducer  and  a  smaller  Kvlite  C\  125  10  piezo  resistance 
transducer  at  different  temperatures,  using  an  1 1 I  shaker. 

The  temperature  can  change  the  measurement  signal  by  with  the  first  accelerometer ,  whereas  it 

affects  the  Kulite  transducer  measurements  by  .  However,  this  latter  transducer  is  till  usable  for 
monitoring,  which  is  of  great  interest  because  of  its  dimensions. 

However,  for  the  accelerometers  used  as  inclinometers,  this  first  result  is  insufficent  for  the  precise 
angle  of  attack  data  needed.  For  this  application,  a  high  quality  warmed  housing  will  probably  be 
necessary.  It  remains  to  be  verified  that  this  will  suffice. 
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4.2  -  Temperature  measurements 

Aa  man  transducers  hive  the  detect  of  acting  as  a  '’thermometer",  measuring  the  temperature  should,  in 
principle,  be  one  of  the  simplest  problems  to  solve.  The  T2  experience  confirms  that  of  the  simplest 
cryogenic  chambers  used  here  and  there:  various  transducers,  and  the  thermocouple  in  particular,  can  be 
used  without  problem.  The  cryogenic  conditions  do  not  make  it  any  more  difficult  to  get  very  precise 
temperature  measurements. 


Copper-Constant  an  Rdf  couples  are  commonly  used  at  the  T2-  The  3older  is  encased  in  a  fiber-resin 
plate  lb/100  ram  thick  and  4  mm  vide.  The  connections  are  remote,  at  atmospheric  temperature.  Hardwood 
supports  are  used-  Temperature  fluctuations  are  a  little  more  tricky  to  measure,  especially  at  high 
dynamic  pressure. 

Stagnation  temperature  fluctuations  at  the  T2  are  measured  by  a  Tungsten  "cold  wire"  9  pm  in  diameter, 
supplied  with  the  constant  current  /  *  ‘3  mA.  The  wire  response  is  correct  up  to  SO  Hz. 

The  thermal  turbulence  ia  measured  with  probes,  consisting  of  a  hardwood  plate  fitted  with  copper- 
constant  an  RdP  thermocouples  (recovery  factor  0.8)  (Fig.  4b). 


The  readings  from  these  various  transducers  for  a  real  wind  tunnel  teat  are  compared  in  figure  46. 
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Fig.  45  -  Temperature  measurements  in  the  T2. 
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Fig.  46  -  Comparison  of  temperature  measurements  in  the  T2. 


k.S  -  Skin  frictjrn  gages 

VISA  hot  wire  ot  film  tranducers  on  a  balsa  chip,  and  quartz  bar  gages  with  a  shorter  response  time 
have  been  developed  at  the  CERT. 

The  quartz  bar  is  mounted  on  an  aluminum  or  Invar  support  over  a  cavity  1  mm  deep.  The  cryogenic 
chamber  and  T2  tests  are  encouraging,  after  calibration  for  the  temperature  and  velocity,  but  the  reliabi¬ 
lity  under  cryogenic  conditions  is  not  yet  very  good  and  improvements  are  being  ®  idled,  in  particular  the 
choice  of  a  better  heating  coefficient.  These  materials  are  used  to  determine  model  skin  temperatures 
after  qualification  in  testa  on  a  flat  plate  (Fig.  4?). 
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Fig.  4?  -  Skin  temperature  measurements  in  the  T2. 


b  -  Attitude  and  Deformation  measurements 

We  mentioned  the  model  attitude  measurement  with  inclinometers  in  the  paragraph  on  accelerometers. 

Determining  the  aerodynamic  forces  on  a  model  in  the  wind-referenced  axes  means  that  the  angle  of 
attack  must  be  known  to  within  l/100th  of  a  degree,  when  the  forces  are  measured  with  a  bajance-st ing  in 
the  model-referenced  axis  system. 

We  often  observe  thermal  drift  in  the  passive  (gage-type)  and  slaved  inclinometers  used  in  todays' 
noncrvogenic  wind  tunnels,  even  some  that  are  already  warm-housed.  We  also  observe  zero  drift  due  to 
severe  dynamic  exicitation,  e.g .  in  the  buffeting  area.  Finding  the  angle  of  attack  by  calculating  the 
deformation  of  the  sting  line,  still  a  common  method  a  few  vears  ago,  does  not  provide  the  accuracy 
required  now.  With  optical  methods,  systems  external  to  the  model  can  be  used  that  are  not  subject  to  the 
thermal  or  dynamic  effects  mentioned  abov*'.  If  onlv  because  of  the  greater  difficulty  of  utilization  of 
the  device,  which  creates  tracking  problems,  the  use  of  these  methods  may  be  limited  to  the  adjustment  of 
the  Inclinometers. 

In  a  preliminary  study  at  ONERA  on  the  means  used  for  determining  the  model  deformation,  beginning  with 
the  total  wing  twist,  we  were  aiming  at  a  measurement  accuracy  of  the  order  of  0.01''.  This  can  be 
obtained  with  the  torsiometer  we  developed  |16). 

It  is  becoming  more  and  more  necessary  to  know  the  actual  form  the  model  takes  when  sut  lected  to 
aerodynamic  stresses,  because  ct  the  increased  accuracy  sought  in  wind  tunnel  testing,  and  because  of  the 
aerodynamic  forces  that  increase  with  aircraft  performance,  the  lighter  and  more  sienler  structures,  the 
greater  model  instrumentation  and  higher  dynamic  pressure. 

By  varying  the  temperature  In  a  cryogenic  wind  tunnel  we  can  study  the  effects  of  varying  *-he  Reynolds 
number  at  constant  dynamic  pressure  and  thus,  assuming  there  are  no  thermomechanical  strains,  without 
changing  the  model  deformations.  However,  aerodvnamicist s  would  rather  have  a  detailed  knowledge  of  the 
real  form  of  the  model  corresponding  to  their  data. 


<* 


'i .  S  -  Form  recognition  1 

to  determine  the  actual  shape  ot  the  model  in  the  wind,  20  to  50  points  need  to  be  identified  on  the 
mode l . 

After  analyzing  the  many  possible  optical  methods,  ON  ERA  has  final ly  adopted  stereo  Image  observation 
and  reconstruction.  The  criteria  of  field  and  field  depth,  accuracy,  speed  and  convenience  of  recording 
and,  as  a  secondary  considerat ion ,  the  speed  ot  the  recognition,  were  all  taken  into  account  .  Existing 
video  cameras  such  as  the  CCD  bar  matrices,  do  not  meet  the  set  criteria,  in  particular  as  concerns  the 
•inurdrv  and  scanning  time.  The  CENT  is  currently  studying  an  original  wav  ot  breaking  down  the  image  ot 
rof>Tenre  Sources  into  two  perpendicular  coordinates  and  automatically  scanning  the  sources,  activated 
sequent iallv  bv  a  computer.  A  feasibility  prototype  has  yielded  encouraging  results  in  the  laboratory 
this*,  51)  and  the  current  phase  of  work  concerns  the  feasibility  of  extrapolating  the  prototype  to  wind 
tunnel  conditions- 
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The  laboratory  prototype  uses  a  1  mW  laser  diode  as  a  source,  transmitted  by  a  50  pm  optical  fiber.  The 
emitting  source  is  secured  into  a  rotating  arm  that  describes  a  circle.  The  receiver  system  and  the 
minicomputer  that  reconstructs  the  image  are  placed  some  three  meters  from  the  source  and  can  reconstitute 
displacement  velocities  up  to  1  m/s  without  any  difficulty. 


6  -  Model  Instrumentation 

5.1  -  Pressure  holes 

The  DFVLR  and  ONERA  began  acquiring  experience  in  pressure  hole  construction  when  creating  airfoils  for 
2-1)  flow  tests  11"/  and  18 1. 

To  take  an  example,  the  first  cryogenic  model  for  the  T2,  constructed  by  ONERA'  s  main  shop,  is  entirely 
metal.  The  airfoil  part  measures  3^0  mm  spanwise.  with  a  100  mm  chord.  Its  longitudinal  section  is  a 
(AST  /  profile,  already  tested  in  various  noncryogenie  wind  tunnels.  The  attachment  mounting  brackets  are 
prismatic  in  form  and  are  placed  on  either  side  ot  the  airfoil  part.  Thev  are  very  long  in  the  spanwise 

direction,  as  this  is  necessitated  by  the  cooling  box.  The  thermocouple  wires  and  pressure  tubes  come  out 

of  the  model  through  the  lett  hand  mount. 

The  model  is  hollow,  and  is  made  of  three  elements:  the  leading  edge  and  two-halt  shells  welded 
together.  This  architecture  is  based  on  the  heavy  loads  applied  in  a  pressurized  transonic  wind  tunnel, 
and  on  test  data  previously  acquired  on  test  pieces  in  a  cryogenic  chamber. 

The  left  mounting  hracket  has  the  holes  for  mounting  the  model  on  the  cooling  system  cart.  The  bracket 
on  the  right  side  has  a  special  bar  receiving  the  centering  and  locking  system  pin. 

The  pressure  holes  are  grouped  around  the  median  plane  of  symmetry  and  are  arranged  in  a  helical 

pattern  all  around  the  airfoil.  The  I0'3  holes  are  0.1  mm  in  diameter  near  the  leading  edge  (32  holes)  and 

0.J  mm  in  diameter  over  the  rest  of  the  airfoil  I  7 1  holes).  There  are  also  18  thermocouples,  which  cannot 
b»>  seen  from  the  outside,  eight  ot  which  measure  the  temperature  inside  of  the  material  and  ten  of  which 
measure  the  temperature  near  the  surface,  in  the  pressure  hole  area. 

The  particularly  small,  unusual  3ize  of  the  pressure  holes  at  the  leading  edge,  which  is  Justified 
'onaidenng  the  Local  aerodynamic  conditions,  was  a  determining  fa-  tor  in  the  choice  of  the  machining 
methods  and,  consequently,  in  the  choice  of  the  materials,  treatments  and  soldering  processes. 

To  make  0. I  mm  pressure  holes  with  the  usual  geometric  tolerances,  a  general  survey  ot  the  available 
means  and  methods  and  various  laboratory  feasibility  tests  led  the  uesigners  to  adopt  the  individually 
prepared  bushing,  drilled  and  brazed  in  a  tube  and  then  swaged  info  to  the  model  (Fig.  52).  Using  this 
method  meant  that  the  area  of  the  airfoil  carrying  these  0.1  tntn  holes  had  to  be  machined  to  near-final 
dimensions  before  the  pressure  gages  were  swaged  in  place,  and  any  further  machining  ot  the  airfoil  in 
this  area  presented  the  risk  of  shortening  the  bushing  down  to  the  cavity  for  the  pressure  tube. 
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CAST  7 


Fig.  ~  Pressure  coupling  tor  the  CAM'  models. 


The  derision  to  machine  part  ot  the  airfoil  to  near-final  dimensions  before  tilting  the  U.l  mm  pressure 
couplings  was  considered  in  the  choice  of  the  material  and  welding  proccess  for  the  three  model  elements. 
A  Marval  18  maraging  steel  was  adapted  because  of  its  very  small  deformations  when  soldered  and  when 
heat-treated.  The  elect ron-beam  welding  proccess  was  chosen  because  it  applies  the  least  heat.  Aside 
from  the  leading  edge,  the  tubes  connecting  the  U.’J  ram  diameter  holes  to  the  tranducers  were  bonded  with 
CIBA-GFIG) XF161-162  resin,  which  has  an  excellent  behavior  in  the  cold.  The  Marval  18  was  kept  in  the 
annealed  state. 

The  construction  was  simplified  for  the  second  CAST  10  airfoil.  The  model  consisted  of  tour  electron- 
beam  welded  elements  (trailing  edge  separated  with  respect  to  the  CAST  ?).  Most  ot  the  0. 3  mm  pressure 
holes  were  drilled  directly  to  the  model. 

The  0.1  mm  pressure  holes  on  the  Leading  edge,  and  certain  0.1  mm  holes,  were  drilled  into  bushings. 

The  connection  tubes  are  no  longer  fastened  to  the  bushings,  but  bonded  to  the  end  of  the  hole  recieving 
the  bushings. 

The  construction  is  thus  carried  out  in  the  following  sequence:  machining  ot  the  four  elements  to 
near-final  dimensions,  drilling,  installation  of  the  tubes,  welding  the  elements  to  each  other,  airfoil 
finish,  drilling  of  the  holes  for  the  bushings,  installation  and  removal  of  the  bushing  heads. 


6.2  -  Motorization 


The  model  motorization  was  studied  by  MBB  (19  and  20).  After  a  bibl iographical  study  and  analysis  of 
the  possible  alternatives,  the  components  (motors,  reduction  gears,  shafts,  tubes  and  position  transducer) 
were  tested  under  load  in  a  cryogenic  chamber. 

Close  cooperation  was  set  up  with  a  supplies  of  cryogenic  dc  motors  different  drive  transmission 
mechanisms.  Teflon  was  used  for  the  new  bearings,  and  the  lifetime  of  the  assembly  is  estimated  at  200 
hours  of  operation  in  a  cryogenic  environment.  After  '30  hour9  of  tests,  no  weaknesses  were  apparent.  The 
•Mjiiipment  is  of  course  degreased  before  use. 


figure  Y3  shows  some  of  the  results  obtained.  Despite  differences  due  to  geometric  variation  of  the 
components  with  temperature,  the  tested  systems  operate  correctly  with  a  minimum  efficiency  at  about  160 
K.  This  is  due  to  the  change  in  the  behavior  of  the  bearings.  Considering  these  results,  MBB  feels  that 
the  components  tested  could  be  used  in  an  ETW  wind  tunnel  model. 


TEST  PROGRAMME 


COMPARISON  OF  JACK  TEST  RESULTS 


Test  senes  l  Geared  motor 


CI> 


Test  senes  II  Geared  motor 
with  worm  gear 

Test  series  III:  Geared  motor 
with  Jackscrew 
force  via 
jack  screw 

Test  senes  IV  :  Geared  motor  - — ,  r-v— — 

with  jackscrew  1 _ 

force  via  nut 


Temperature  steps 


250  K(-’*S 
200  K  k  * 

150  K 
100  K 
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Fig.  53  -  Motorization  tests  (MBB). 


b-  1  -  Robot 
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Although  robots  are  not  tuliy  part  ot  wind  tunnel  rumentation"  in  the  usual  sense  ot  the  term, 

the  first  experiments  in  Germany  on  changing  the  ront igurat ion  of  a  model  with  a  robot  arm  show  the 
advantage  ot  developing  motorized  mechanisms  that  can  operate  in  the  cold.  Motorized  supports  will  also 
have  to  be  planned  tor  the  wind  tunneL,  e.g.  for  probing  the  flow  around  or  downstream  of  the  models. 


?  -  CONCLUSION 

The  examples  presented  in  thi9  paper  give  an  idea  of  the  various  actions  needed  to  adapt  conventional 
wind  tunnel  instrumentation  tor  use  in  cryogenic  wind  tunnels. 

Much  data  ot  interest  has  already  been  acquired  and  the  effort  i9  continuing  in  Europe,  with  a  view  to 
defining  in  common  the  best  solutions  tor  the  ETW.  Fruitful  information  exchanges  between  the  ETW  teams 
in  Europe  and  NTF  teams  in  the  United  States  are  also  helping  advance  these  techniques. 
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ABSTRACT 


This  paper  concerns  a  number  of  aerodynamic  problems  related  to  cryogenic  testing  but  which  can  also 
be  encountered  during  testing  at  room  temperature.  The  first  part  describes  the  various  factors  involved 
to  achieve  the  best  similarity  possible  between  an  aircraft  in  flight  and  the  model  in  the  wind  tunnel. 

The  second  part  covers  the  analysis  of  these  factors:  effects  of  a  non  adiabatic  wall,  boundary  layer  tran¬ 
sition,  two-dimensional  testing,  effects  of  the  Reynolds  number.  In  the  paper,  it  i s attempted  to  alternate 
theoretical  cons iderat ions  with  practical  examples  in  order  to  illustrate  the  importance  of  "experimental/ 
theoretical"  correlations.  Finally,  the  paper  endeavors  to  highlight  a  few  areas  to  which  effort  must  be 
devoted  in  the  future  so  that  the  new  technique  of  cryogenic  wind  tunnels  now  available  to  scientists  and 
manufacturers  provides  reliable  and  accurate  results  leading  to  a  better  analysis  of  aerodynamic  r henomena 
and  improved  prediction  and  optimization  of  aircraft  performance. 
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direction  of  the  flow,  normal  to  the  wall,  spanwise 
(x1  ,  x?,  x3) 

chord,  heat  capacity 

drag,  lift,  moment  coefficients 

pressure  drag 

friction  coefficient 

reference  length 

velocity 

Mach  number 

density 

pressure 

gas  viscosity 

ratio  of  specific  heats  at  constant  pressure  and  volume 

partial  derivative  at  constant  entropy  S 

Reynolds  number  related  to  L 

dynamic  pressure 

temperature 

time 

angle  of  attack 
thermal  flux 


thickness  of  the  boundary  layer 
displacement  thickness 
incompressible  displacement  thickness 

momentum  thickness 

incompressible  momentum  thickness 
shape  factor 

incompressible  shape  factor 


T 


A  ue 


turbulence  intensity 
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Subscripts 


cr 

critical 

e 

flow  external  to  the  boundary 

1  ayer 

s 

separation 

t 

total  pressure  nd 

temperature 

values 

T 

transition 

» 

values  at  infinity 

W 

wall 

AW 

adiabatic  wall 

average  value  or  ratio  of  values 

R/m 

Reynolds  per  meter 

j 

jet 

r 

roughness 

Abbreviat ions 

% 

percent 

%o 

per  thousand 

20 

2-dimensional 

BL 

boundary  layer 

3D 

3-dimensional 

liquid  nitrogen 

L.E. 

leading  edge 

gn2 

gaseous  nitrogen 

T.E. 

trailing  edge 

T.D. 

fixed  transition 

1.  INTRODUCTION 


The  development  and  use  of  cryogenic  wind  tunnels  today  represents  a  considerable  progress  in  the  area 
of  aerodynamic  testing. 

It  has  now  become  possible  to  obtain  nearly  total  similarity  between  the  model  in  the  wind  tunnel  and 
the  aircraft  in  fl  ight. 

This  new  technique  available  to  scientists  and  manufacturers  provides  reliable  and  accurate  results 
allowing  a  better  analysis  of  aerodynamic  phenomena  and  improved  prediction  and  optimization  of  aircraft 
performance  (Fig.  1). 

In  addition  he  cryogenic  wind  tunnel,  in  which  the  Reynolds  number  can  be  as  high  as  that  in  flight, 
offers  the  enormous  advantage  of  an  independent  variation  of  the  dynamic  pressure  q  =  1/20V’  and  the 
Renolds  number  R  -  pUf/y  by  simultaneously  varying  the  gas  temperature  and  pressure.  It  is  thus  possible 
to  dissociate  a  hunter  of  parameters  heretofore  coipld,  uch  as  deformation  of  the  model  and  viscous 
effects  within  a  very  broad  domain. 

However,  a  numberof  difficulties  related  to  cryogenics  and  often  to  aerodynamics  in  general  n'JSt  not 
underestimated,  and  it  is  necessary  to  preserve  a  critical  attitude. 

Testing  in  a  wind  tunnel  always  involves  a  complex  set  of  elements  (Fig.  2):  model,  support,  instru¬ 
mentation,  "wind  tunnel  system",  computation,  data  processing,  etc.  which  must  be  consistent  and  of  the 
best  qua  1 ity  possible. 

In  this  paper  (Fig. 3)  we  will  attempt  to  demonstrate  that  the  two  main  parameters  of  similarity,  i.e. 
the  Mach  number  and  the  Reynolds  number,  are  not  sufficient.  A  number  of  other  parameters  must  be  taken 
into  account,  such  as  the  surface  condition  of  the  model,  any  thermal  fluxes  resulting  from  disequilibrium 
of  the  model,  the  deformations  (model  ♦  support),  the  qualities  of  the  flow  in  the  wind  tunnel,  wall 
effects .etc . 

Another  advantage  of  cryogenic  wind  tunnels  is  to  allow  aerodynamic  research  to  he  carried  out  ror 
wide  variations  of  the  Reynolds  number. 

in  the  past,  we  were  often  tempted  to  explain  a  number  of  poorly  understood  phenomena  by  discrepancies 
in  the  reynolds  number.  Today,  we  can  easily  vary  this  parameter  and  systemat i cally  study  the  variation  of 
certain  values. 

First,  the  Reynolds  number  effect  can  be  tested  in  the  wind  tunnel  by  a  "pressure-temperature"  cor¬ 
relation  (the  same  Reynolds  number  can  be  obtained  at  different  temperature  levels  by  varying  the  pressure). 
Second,  any  differences  which  exist  between  wind  tunnel  testing  and  the  aircraft  in  flight  must  be  explained 
and  investigated  elsewhere. 

I  believe  this  research  will  make  it  possible  to  achieve  major  progress  in  the  field  of  aerodynamics 
in  the  future. 

However,  the  immense  progress  achieved  in  the  theoretical  field  where  the  development  of  numerical 
methods  and  model  inq  of  complex  viscous  flows  makes  it  possible  to  process  phenomena  heretofore  not  approached 
must  not  be  neglected. 

A  complete  flow  can  be  computed  without  recourse  to  experimental  data  (ideal  f 1 ui d-v i scous  fluid  coupling 
method,  resolution  of  Navier-Stokes  equations)  or  using  certain  experimental  data  to  predict  other  data  or 
confirm  the  coherence  with  certain  results. 
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Conversely,  the  experimental  data  can  be  used  to  readjust  the  theoretical  models  or  to  take  into  account 
a  number  of  parameters  which  were  initially  ignored  at  the  start  of  the  theoretical  analysis. 

After  these  general  cons iderat ions  which  will  serve  as  guidelines  throughout  this  paper,  1  would  like 
to  indicate  t*at  the  many  results  presented  are  from  publications,  a  number  of  which  are  given  in  reference 
and  who'e  authors  I  thank  and  also  from  testing  conducted  in  the  ONERA-CERT  11  cryogenic  induction  tunnel 
in  Toulojse,  described  more  fully  by  J.B.  DOR/  Ref.  27/  in  the  framework  of  this  Lecture  Series. 

2.  PROBLEMS  RELATEO  TO  CRYOGENIC  TESTING 


When  it  is  attempted  to  achieve  the  best  possible  similarity  between  an  aircraft  in  flight  and  a  model 
in  a  cryogenic  wind  tunnel,  it  is  important  to  take  into  account  a  number  of  parameters,  as  shown  in  the 
Figure  3. 

In  addition  to  conventional  variables  Such  as  Reynolds  number  and  Mach  number,  it  appears  important  to 
analyse  the  real  gas  effect.  The  limits  of  use  of  the  wind  tunnel  at  low  temperatures  must  also  be  specified. 

A  number  of  other  parameters  will  be  studied  below,  mainly  the  non  adiabatic  wall  effect,  the  transition 
effect  and  the  effect  of  the  Reynolds  number. 

2.1.  Real  Gas  Effect 


An  objection  which  arises  immediately  concerns  the  large  variations  in  the  ratio  y  of  specific  heats 
as  a  function  of  temperature  for  nitrogen  (Fig.  4). 

This  objection  as  well  as  many  others  were  practically  eliminated  thanks  to  the  important  works  con¬ 
ducted  at  NASA  LANGLEY/4/  and  a  few  works  conducted  by  the  DFVLR,  the  NLR,  the  RAE  and  ONERA.  For  this 
paper,  we  will  retain  only  the  following  essential  points  : 

If  the  real  gas  effects  are  studied  for  an  isentropic  flow  using  the  best  possible  formulations  (ni¬ 
trogen  characteristics  given  by  JACOBSEN  or  the  state  equation  given  by  BEATTIE-BRIGDEMAN)  it  is  observed 
that  the  isentropic  expansion  coefficient  n  *  Yeffective  =  ^  logp/3  logp)s  remains  very  close  to  1.4  (Fig. 

4)  for  a  wide  range  of  pressures  and  temperatures  :  P^  <  6  bars  and  T  >  T{ saturation ) . 

It  is  observed  that  these  differences  can  be  considered  as  negligible.  Similar  computations  made  for 
the  PRANDTL-MAYER  expansion  and  for  normal  shock  demonstrated  the  same  small  differences. 

The  studies  also  show  that  the  gas  used  can  be  nitrogen  or  air.  In  both  cases,  the  real  gas  effects 
are  negligible  providing  they  are  compared  with  an  ideal  gas  preserving  a  constant  y  of  1.4. 

An  example  of  isentropic  expansion  from  reference  4  is  given  in  the  Figure  5,  showing  the  ratio  F/Pj  of 
the  real  gas  to  the  ideal  gas.  The  expansion  corresponds  to  M  =  1.5  and  uses  the  state  equation  of  BEATTIE- 
8RIDGEMAN  for  both  nitrogen  and  air. 

*any  tests,  conducted  in  T.C.T.,  T2  cryogenic  wind  tunnels,  etc.  snow  excellent  correlation  according 
as  the  same  Reynolds  nimber  is  obtained  by  increasing  the  pressure  or decreasi ng the  temperature. 

Other  tests  and  computations  were  made  for  viscous  flows:  boundary  layer,  separated  flow,  shock  wave¬ 
boundary  layer  interaction,  etc.  and  also  showed  small  differences  between  the  ideal  gas  and  real  gas 
effects . 


2.2.  Minimum  Operating  Temperature  Limit  for  Cryogenic  Wind  Tunnels 


As  concerns  the  operating  limit  at  low  temperatures ,  it  seems  to  be  related  to  appearance  of  the  liquid 
phase  in  the  test  section.  However,  a  disti  ction  can  be  made  between  two  types  of  condensation. 

The  first  corresponds  to  homogeneous  condensation  which  occurs  during  sudden  expansions  in  regions  at 
high  Mach  numbers.  In  this  case,  a  sort  of  subcooling  corresponding  to  the  gas  response  time  takes  place. 
The  temperature  may  then  drop  5  to  10  K  below  the  equilibrium  curve. 

The  second  process,  called  heterogeneous  condensation,  occurs  when  particles  preexist  in  the  flow.  These 
particles  then  initiate  creation  and  growth  of  droplets  and  eliminate  any  delay  phenomenon. 

It  seems  to  be  this  second  process  which  determines  the  minimum  operating  temperature  by  appearance  of 
the  liquid  phase  in  the  flow  upstream  of  the  model  /Ref.  4,  2  7/. 

3.  BRIEF  DESCRIPTION  OF  THE  T2  WIND  TUNNEL  AND  TEST  TECHNIQUES  USED 


The  12  transonic  induction  tunnel,  described  in  detail  in  References  5,18,20-28,  was  installed  in  the 
Centre  d'Etudes  et  de  Recherches  of  Toulouse  in  1975.  It  was  converted  to  operate  in  cryogenic  state  in 
1981. 

Many  of  the  results  described  below  were  obtained  in  this  wind  tunnel,  as  well  as  from  all  the  systems 
which  were  developed  therein. 

3.1 . 


The  T2  wind  tunnel  operates  by  induction  (Fig. 6).  Its  range  of  operation  covers: 


Mach  number: 
Pressure : 
Temperature : 

Run  time: 

Reynolds  number: 

(for  C  =  200  mm) 


0.3  to  0.9 
1  to  5  bars 
100  to  300  K 
30  to  100  seconds 
3  to  40  million 


The  test  section  is  equipped  with  flexible  walls  making  it  possible  to  adapt  the  walls  by  three  or  four 
iterations  and  probe  the  wake  during  the  run.  Most  of  the  tests  concern  airfoil  profiles,  but  threedimen¬ 
sional  setups  can  also  be  made. 


The  Mach  nunber  is  regulated  by  a  throat  downstream  of  the  test  section  for  M  >  0.6. 

The  flow  is  produced  by  an  induction  system  consisting  of  compressed  air  jets,  located  at  the  trai¬ 
ling  edge  of  the  seven  vanes  of  the  first  corner  (M^  =  1.6;  P-j/P^j^  3  to  4;  '  6  to  10). 

Liquid  nitrogen  is  injected  at  the  wall  downstream  of  the  first  corner  by  3 2  nobles  with  staggered 
flow  rates,  forming  a  sort  of  digital  valve  ( ^TS  ~  ^ ’ 

The  exhaust  is  performed  through  porous  walls  between  the  test  section  and  the  first  motor  corner.  The 
exhaust  flow  rate  is  controlled  by  seven  digital  valves. 

The  entire  circuit,  made  of  ordinary  steel,  is  internally  insulated  by  a  thin  layer  of  insulation  5  to 
10  mm  thick. 

J.2.  Execution  of  a  Cryogenic  Test 

The  entire  run  is  controlled  by  a  first  computer,  with  the  wall  measurements  and  adaptation  controlled 
simultaneously  by  a  second  computer ( Fi g.6) . 

The  Figure  7  shows  a  typical  run  carried  out  with  precooling  of  the  model.  It  includes  four  phases: 

1)  Stabilizing  of  the  temperature  selected  at  a  low  Mach  number  ( M  -  0.3)  and  a  low  pressure  (P  -  1.1b). 

2)  Insertion  of  the  precooled  model  in  the  test  section  and  locking  in  place  of  the  model. 

3)  Obtaining  of  the  Mach  number  and  pressure,  preserving  a  constant  temperature  level. 

4}  Regul-’Mon  phase. 

The  walls  are  adapted  during  the  stabilized  phase  by  an  iterative  process  requiring  three  or  four 
iterations,  each  lasting  approximately  7  seconds. 

This  process  uses  the  distribution  of  the  velocities  measured  on  the  walls  as  well  as  their  forms,  with 
converging  to  the  "infinite  atmosphere"  case  achieved  by  a  linearized  computation  supplementing  the  real 
flow  in  the  tunnel  by  a  virtual  flow  extending  from  the  walls  to  infinity  /Ref.  25,  26,  28/. 

3.3.  Models  Used  in  T2 

Figure  8  shows  schematic  diagram  of  the  CAST  7  and  CAST  10  airfoil  profiles  used  in  the  T2  wind  tunnel. 
It  should  be  noted  that  the  two  profiles  include  103  pressure  taps,  which  have  a  diameter  of  0.1  mm  in  the 
leading  edge  area  {0.3  mm  elsewhere). 

The  models  are  also  equipped  with  thermocouples.  In  particular,  the  CAST  10  profile  includes  an  area 
40  mm  wide  by  3  mm  thick  designed  to  study  the  model  temperature  stabi 1 ization . 

3.4.  Qualities  of  the  Flow  in  the  T2  Wind  Tunnel 


The  mair  character? sties  of  the  flow  were  qualified  both  at  room  temperature  and  at  cryogenic  tempe¬ 
ratures  /Ref.  27/.  The  main  result  are  summarized  below. 

J  r? 

-  the  turbulence  intensity  ?s  ?n  the  neighborhood  of  one  thousandth. 

-  the  pressure  fluctuation  level  on  the  test  section  wail  corresponds  roughly  to  the  noise  of  the  tur¬ 
bulent  boundary  layers  on  the  walls. 

-  the  transverse  thermal  gradients  are  below  +  0.3  K  for  the  center  part  of  the  test  section. 

-  the  temperature  fluctuations  are  in  the  neighborhood  of  +  0.15  K  at  T  =  120  K  and  +’0.03  K  at  room 
temperature. 

4.  EFFECTS  OF  A  NON  ADIABATIC  MODEL  WALL 

4.1.  initial  Approach  in  the  Case  of  a  Laminar  Boundary  Layer  on  a  Flat  Plate 


Analyzing  the  development  of  a  laminar  boundary  layer  of  very  small  initial  thickness  located  in  a  flow 
with  a  constant  Mach  number  of  M  =1.2  computed  by  a  finite  volume  method  (*)  makes  it  possible  to  observe 
the  following  phenomena  when  the  wall  temperature  is  varied  (Fig. 9): 

-  the  variation  in  the  displacement  thickness  S  is  parabolic  as  a  function  of  the  abscissa  (as  appears 
in  the  initial  equations  for  ^  =  0).  In  addition,  this  thickness  increases  when  the  wall  is  heated. 

-  the  variation  in  the  momentum  thickness  fi  is  identical  to  that  of  ‘  ^  as  a  function  of  the  abscissa 
but  is  not  particularly  sensitive  to  the  wall  temperature. 

There  is  a  decrease  in  the  local  skin  friction  coefficient  C,  and  a  low  sensitivity  of  this  coeffi¬ 
cient  as  a  function  of  T^/T^.  This  result  is  also  given  by  the  relation  C^/2  =  dp  /dx. 

The  wall  temperature  effect  is  illustrated  in  the  Figure  10  where  the  variation  in  the  integral  values 
of  the  boundary  layer:  *  *^.,9  ,  and  the  friction  coefficient  as  well  as  the  form  parameters  H 

and  are  plotted  for  a  fixed  abscissa. 

In  this  figure,  the  various  values  are  related  to  the  adiabatic  values  noted  AW  for  ■  2  and  10  mil¬ 
lion.  For  a  hot  wall,  a  substantial  increase  in  H  and  f. .  is  observed,  a  more  moderate  increase  in  r.  . 
and  9 ■  whereas  varies  only  by  1  percent.  On  the  other  hand,  9  and  C,  decrease  very  slightly,  by  app¬ 
roximately  0.5  percent. 

The  wall  temperature  effect  can  be  compared  with  the  Reynolds  number  effect  for  an  adiabatic  wal  1  (Fig 
11).  According  to  the  boundary  layer  equations,  all  variables  f ^ 9  ,  9.,  vary  as  \ /*'  R„,  which 

means  that  H  and  remain  constant.  ' 

There  is  also  an  enormous  variation  in  the  integral  and  friction  values,  divided  by  >rT  -  1.414  when 
the  Reynolds  number  is  multiplied  by  2. 


T3& 


4..,.  Computation  of  Temperature  Stabi  1  i zat ion  on  a  flat  Plate  Initially  Hot  in  the  front  Part 


T^e  example  uf  the  figure  It  illustrates  an  important  phenomenon  which  occurs  during  temperature  sta¬ 
bilization  of  a  model  initially  in  thermal  disequilibrium. 

The  computation  is  made  by  coupling  between  a  finite  volume  method  for  the  laminar  boundary  layer  and 
a  plate  representing  a  thermal  inertia.  The  plate  is  assumed  made  of  blocks  each  at  a  uniform  temperature 
,  (x.)  exchanging  fluxes  onl  ✓  with  the  boundary  layer. 

The  case  analyzed  corresponds  to  M  -  U.1  ,  P  =  1  b,  T  =  273.2  K.  The  thermal  inertia  involves  the 
CeUal  ,00°- 

The  figure  1c  shows  the  longitudinal  temperature  distribution  at  different  times  on  the  left  side  and 
the  flux  distribution  on  the  right  side. 

The  first  observation  is  the  rapid  variation  in  temperature  near  the  origin  where  the  boundary  layer 
is  thin  and  creates  substantial  fluxes,  but  even  more  important  is  the  temperature  rise  ind  fall  downstream 
of  the  plate  (x/c  N  0.5  )  related  to  the  thermal  convection  of  the  boundary  layer. 

This  example  illustrates  the  precautions  required  to  compute  a  transient  when  longitudinal  wall  tem¬ 
perature  gradients  exist.  In  particular,  the  phenomenon  observed  would  not  appear  using  a  formulation  based 
on  introduction  of  the  heat  transfer  coefficient  h  and  the  adiabatic  equilibrium  temperature  T.  to  compute 
wall  fluxes  ;.w  *  %  -  T  M)  h.  AW 

4.3.  Case  of  a  Turbulent  Boundary  layer  on  a  Flat  Plate 


A  computation  case  correspond ing  to  M  =  1.2,  T  -  120  K,  P  =  2  bars  is  illustrated  in  the  figure  13 
where  the  variation  of  ']»  •  »  C*  Is  plotted  versus  the  abscissa  for  three  wall  temperatures . 

The  finite  volume  method  applied  uses  a  mixing  length  concept  developed  at  the  DERAT  (*). 

A  much  more  linear  variation  in  and  versus  the  abscissa  is  noticed  immediately  as  well  as  the  re¬ 
stively  low  decrease  in  the  friction  coefficient,  with  a  value  substant i al 1y  above  that  of  the  laminar 
case. 


when  the  wall  is  heated,  all  the  parameters  are  affected:  c  ^  increases,-  and  decrease. 


The  wall  temperature  effect  on  the  boundary  layer  parameters  is  illustrated  in  the  Figure  14.  As  for 
the  laminar  case,  all  the  values  are  related  to  the  adiabatic  values  f >r  =  20  and  100  million. 

For  a  hot  wall,  a  considerable  increase  in  H  and  f.  is  observed  whereas  0  and  C,  decrease  by  appro¬ 
ximately  j.6  percent.  However,  the  incompressible  shape  factor  H.  remains  practically  constant. 

The  wall  temperature  effect  can  be  compared  with  the  Reynolds  number  effect  for  an  adiabatic  wall 


1 ) . 


In  this  case,  it  can  be  noted  that  the  decrease  in  the  shape  factors  H  and  H.  of  the  boundary  layer 
*s  very  small,  U prox imatel y  1  percent.  wh?n  the  Reynolds  number  is  doubled,  with  ^  decrease  of  approximately 
1  percent  m  the  other  values. 


‘r  conclusion,  as  for  the  laminar  case,  a  hot  wall  thickens  the  boundary  layer.  As  the  friction  of  the 
boundary  layer  's  decreased,  it  tends  to  separate  earlier  in  the  areas  of  the  profile  where  the  velocity 
gradient  ’s  negative.  Several  differences  in  sensitivity  between  a  laminar  and  a  turbulent  boundary  layer 
are  also  noted,  both  as  a  function  of  Ty/T/^  <3nd  of  the  Reynolds  number. 


*  >e  programs  jsf  were  developed  by  B.  AUPG'IX. 

4.4.  Fffec*  of  a  Nor  adiabatic  Wall  on  the  Transition 

rhe  effect  of  this  parameter,  which  has  been  experimentally  demonstrated  for  a  number  of  years,  leads 
to  a*-  earlier  trinsition  when  the  wall  is  heated. 

This  tendency  of  the  laminar  boundary  layer  to  become  unstabilized  was  approached  theoretical ly  in  spite 
of  considerable  diff iculties.  The  Figure  16,  from  reference  35,  illustrates  this  effect. 

As  will  be  seen  in  the  section  on  transition,  disturbances  develop  and  become  amplified  in  the  laminar 
boundary  layer  until  turbulence  occurs. 

A  convent ionnal  criterion,  often  retained,  consists  of  stating  that  the  transition  Reynolds  number 
corresponds  to  a  disturbance  amplified  by  a  factor  Ref.  15.'. 

The  authors  plotted  this  curve,  shown  in  tne  Figure  16,  which  also  shows  another  formulation  resulting 
from  flight-wind  tunnel  correlations  .Ref.  6,  10,  36/:  rt/RtAU  =  (T  'T  )-7  .  In  both  cases,  it  can  be  con¬ 
cluded  that,  the  location  of  the  transition  is  very  sensitive  to  tne  wall  temperature  since  a  variation  of 
t  percent  in  T^/ is  equivalent  to  a  variation  of  4  to  7  percent  in  the  transition  Reynolds  number. 

However,  attention  must  be  drawn  to  the  extreme  experimental  and  theoretical  difficulty  in  presence  of  a 
thermal  drift  (Sec. 4. 2.)  where  longitudinal  gradients  occur  naturally.  It  would  seem  that  only  a  coupled 
"boundary  layer-model  heat  transfer"  computation  could  account  for  these  phenomena. 

4.5.  Experimental  Examples  of  Non  Adiabatic  Wall  Effects 


The  first  example,  drawn  from  the  theoretical  study  conducted  at  NASA  LANGLEY  / Ref.  9/,  concerns 
the  stabl izatiaa  time  of  models  subjected  to  rapid  variation  in  the  total  temperature  of  the  flow,  from 
165  to  115  K  (dynamic  range  provided  by  the  NTF  wind  tunnel:  \T  =  50  K). 

Two  important  points  were  revealed  by  this  study. 

|  For  the  case  considered  in  the  Figure  17,  a  precision  of  8  percent  on  the  temperature  appears  to  be 

sufficient  so  as  not  to  result  in  an  error  above  +  0.0001  on  the  drag  coefficient  C^. 


Tn  addition,  the  time  required  to  reach  equilibrium  may  be  very  long.  A  qood  solution  consists  of  us 5  n  ; 

1  o  I  '  o«  node  Is  as  s  hown  in  t  he  F  i  (jure  1 H . 

Another  experimental  illustration  of  this  solution  is  given  in  the  Figure  V) ,  showing  the  temperature 
v  jn  it  ion  on  jn  element  of  the  CAST  10  profile  (tests  in  the  12  wind  tunnel  )  in  ,m  area  where  the  wall  tr'>' - 
»ne->s  is  i  ftiiii . 

A  second  example  drawn  from  the  study  conducted  by  DOUGLAS  Corp.  /Ref.  6  to  /  also  stresses  the  impor- 
t  inceoft he  wall  temperature  effects. 

The  authors  contribute  a  large  amount  of  experimental  data  on  airfoil  profiles.  The  sensitivity  tu  '  ;•  - 
per-iture  is  particularly  high  in  the  case  of  a  free  transition  which  can  move  on  the  abscissa  as  well  .is  •  n 
uses  of  shock  wave-boundary  layer  interaction  in  the  vicinity  of  appearance  of  a  separation  (buffeting 
1  ’ "  •  f  ; .  The  same  »f>  true  when  the  separation  progresses. 

It  also  appears  that  the  variation  in  character i st i c  values  such  as  and  may  not  be  linear  as  a 
♦'unction  Of  7^  as  occurs  in  the  case  illustrated  in  the  Figure  20. 

'r,  conclusion,  the  authors  feel  that  an  accuracy  of  about  one  percent  on  the  wall  temperature  is  neces- 
,  try  in  many  cases  and  that  the  non  adiabatic  wall  effects  must  also  be  taken  into  account  for  flight  tes- 

tin;. 

The  last  e/angiles  given  concern  tests  conducted  in  the  77  wind  tunnel. 

A r  initial  analysis  was  made  at  room  temperature  with  the  CAST  7  profile  initially  heated  before  the 

f.,',  f .  .1  and  35.  . 

The  main  result  is  illustrated  in  the  Figure  ?\  for  a  test  conducted  at  M  -  0.76,  '  =  0  ,  tripped 
transition  at  7',  allowing  the  profile  to  vary  towards  thermal  equilibrium  during  a  long  run,  measuring 
t  »■*"  ;  res  sure  and  temperature  distribution  of  the  model  at  midsection. 

rhe  result  obtained  is  compared  to  a  coupled  computation  (computation  with  complete  potential  equation 
plus  boundary  liyer).  The  coherence  of  the  results  appears  satisfactory  and  shows  a  strong  variation  in 
Mvl  ,  but  not  in  the  drag.  A  sort  of  compensation  occurs  between  the  friction  drag  which  decreases  and 
pressure  drag  which  increases  in  connection  with  the  increase  of  ■£ . . 

A  second  malysis  (Tig. 27)  was  made  at  room  temperature  with  the  CAST  10  profile  with  a  free  transition, 
-  i  Msn'^err^e'transition  location  could  be  observed.  This  location  is  identified  b;  a  disturbance 
w-  >.  *  o-  '  urs  in  distribution  of  the  Mach  number,  both  on  the  lower  surface  where  oil  visualizations  showed 
:  :  r.,u  u.  ill/  f  i  * ed  separation  bubble  and  on  the  upper  surface  where  a  free  transi tion occurred  in  an  area 
w'vre  "e  wk*'  number  was  roughly  equal  to  1.  Vi  sual  izat  ions  as  well  as  the  temperature  variation  of  the 
r»d  computation  demonstrated  the  correlation  between  the  location  given  by  the  bump  in  the  Mach 
•  »■•••■*  ‘  st.fr  at  on  ind  the  transition  (see  Section  5). 

;n  the  figure  23,  the  variation  of  the  transition  abscissa,  identified  by  the  start  and  end  of  the  bump, 
is  plotted  as  a  function  of  the  average  profile  temperature.  The  large  variation  of  this  transition  abscissa 
versus  the  Ty/Tftw  ratio  can  be  observed. 

’*»»  '.re  figure  also  shows  the  variations  in  lift  and  drag.  Drag,  in  this  particular  case ,  is  relatively 
■ ve  to  *  he  temperature  ratio. 

-r: /p-pnt  rjf  t  He  transition  was  compared  with  the  Reynolds  number  effect  m  this  specific  case  where 
t’ere  ’  i  negative  velocity  gradient  between  20  percent  50  percent  of  the  chord,  h  formula  of  the  type  Rj- 
-7  .  .  -A  appear',  to  give  a  good  approximation  of  the  phenomenon  (Figs,  b  and  37). 

Aw  A  Art 

puffy,  p|;  AMD  T'  r  RAMS  IT  ION  Of  THE  BOUNDARY  LAYf.R 


i  ir;l  .  Approach  to  Free  Transition  on  a  Flat  Plate  with  an  Incompressible  How 


!*-  y rqpr  t.o  pj i r  a  good  understand! ng  of  how  the  transition  occurs  /Ref.  11  to  5  7',  it  is  of  use  to 
correctly  >n.il/se  the  fundamental  aspects  relative  to  a  boundary  layer  on  a  flat  plate  (ideal  surface  con- 
!iti(>n,  thermal  e  pj  1 1 1  br  i  um ,  low  level  of  turbulence  external  to  the  boundary  layer). 

The  houndar/  layer,  lnitiall'  laminar  and  stable,  has  the  property  of  amplifying  the  di sturbances 
if  ri  v  p  a  ■•‘■••Min  r.  rifical  abscissa  >cr  (fig.  24). 

‘i*>  d  I'.t.ijrbanie  wiv,-s,  often  called  "TOLLMIEN-  SCHL 1 CMT ING  waves" ,  progressively  increase  in  amplitude 
for  i  well  jpfined  fregwency  domain  and  degenerate  into  turbulence  after  a  highly  complex,  non  linear  tran- 
s’nnt  phi  ye  called  transition.  The  theoretical  approach  of  this  phenomenon  is  by  the  linear  stability  theory 
'  nt  rodu'  i  ng  i  i  i  s  t  ur  bince  term  of  the  type  'i>  (x,y,t)  =  (y)  e_<-jx  e’  '‘r*  ~ -t)  in  the  NAV  ItR-STOKf.  S  equa- 
f’ons,  giving  the  iRR-hOMMLRFElD  equation.  This  equation  is  used  to  determine  the  amplification  coefficients 
md  the  frequency  domain  concerned. 

This  -lot hod  leads  to  results  approaching  the  experimental  results  when  including  the  total  amplification 
rite  A  C'p  1  -  t-  d  .<)  for  each  unstable  frequency.  It  is  observed  that  when  an  amplification  in  the 

g  o 

nei  ghborhood  of  e  •  •*  ■  is  taken  for  the  most  unstable  frequency,  this  approximately  yields  the  experimen¬ 
tally  observed  transition  location. 

.'•i  >r  !er  to  gain  a  good  understanding  of  the  role  played  by  transition  on  the  drag  of  a  plate  (C^ 

1  0T-  ),  the  Figure  74  shows  the  variation  of  C,  versus  the  Reynolds  number  for  two  possible  conf  i  gurat  i  ons 

/Pef.fh  .  a 

The  f-rs*  conf i gurat ion  consists  of  setting  the  transition  at  a  given  percentage.  A  decrease  in  the  drag 
with  the  Reynolds  number  is  then  observed  since,  as  was  seen  in  Section^,  the  increase  in  the  Reynolds  num¬ 
ber  decreases  the  friction  and  therefore  the  momentum  thickness. 

However,  if  the  location  of  the  transition,  assumed  sudden,  varies  preserving  a  constant  transition 
Pe/nolds  number  P.^  as  will  be  seen  below,  is  related  to  the  turbulence  level),  the  following  phenomena 
are  observed  : 
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.  if  R  <  the  entire  boundary  layer  is  laminar  and  the  variation  is  along  the  low  100  percent 
curv£ 

.  if  R  s  R^-,  there  is  first  an  increase  in  the  drag,  due  to  rapid  progression  of  the  transition 
towards  trre  leading  edge,  which  overrides  the  gain  achieved  on  each  boundary  layer  taken  separately. 

It  is  only  when  the  transition  reaches  x/c  -  20  percent  of  the  chord  that  the  increase  stops  and  a 
decrease  tending  asymptot ical lyto  the  100  percent  turbulent  curve  is  observed.  It  can  also  be  seen 
that  the  maximum  drag  takes  place  for  a  Reynolds  number  R  between  10  and  40  million  when  the  tran¬ 
sition  Reynolds  number  is  close  to  the  conventional  valuecof  3  million. 

5.2.  Two-Dimensional  Criterion  Developed  at  DERAT 

A  transition  criterion  was  proposed  by  DERAT  /Ref. 12  and  13/  from  the  instability  theory.  An  initial 
semi-empirical  formulation  simple  to  apply  relates  the  variation  in  the  Reynolds  number  of  the  momentum 
thickness  computed  from  the  critical  Reynolds  number  to  a  function  cumulating  the  effects  of  the  pressure 
Gradient  A?T  and  the  external  turbulence  Tu  (Fig.  25).  This  criterion  gives  the  start  of  transition  abs¬ 
cissa  X7.  Tni  transition  as  such  must  then  be  computed  .  To  do  so,  an  i ntermi ttence  is  assumed  (with  the 
boundary  layer  alternately  turbulent  and  laminar  in  a  given  point).  The  i ntermi ttence  function  v  is  a  func¬ 
tion  of  <V  Ox,  starting  at  0  for  •*  =  0j  and  tending  towards  1  as  e  increases  to  2  9T 

A  second  formulation  of  the  same  criterion  which  can  handle  more  complex  cases  (stagnation  line  on  the 
leading  edge)  was  then  established.  This  technique  integrates  the  amplification  rate  of  the  unstable  fre¬ 
quencies  according  to  x  and  for  each  value,  searches  for  the  total  amplification  n  of  the  most  unstable 
frequency.  The  transition  takes  place  when  n  reaches  a  value  related  to  the  external  turbulence  level. 

This  method  was  first  applied  to  conventional  2D  cases  and  gives  comparable  results.  In  addition,  it 
can  be  used  to  define  the  transition  on  a  stagnation  line  and,  for  a  swept  cylinder,  gives  a  transition  for 
R  >  250,  with  the  transition  point  approaching  the  origin  of  the  cylinder  as  R  increases. 

The  transition  can  also  occur  after  a  separation,  giving  what  are  known  as  separation  bubbles.  The 
boundary  layer  is  often  reattachedback  of  the  bubbles  in  turbulent  form.  The  computation  remains  possible 
but  requires  processing  of  the  local  coupling  with  the  potential  flow. 

5.3.  Influence  of  the  Surface  Condition 

The  influence  of  the  model  surface  condition  is  capital  for  transition  phenomenon,  all  the  more  so  be¬ 
cause  cryogenic  wind  tunnels  achieve  high  unit  Reynoldl  numbers.  In  effect,  the  roughness  dimension  must  be 
related  to  a  laminar  boundary  layer  thickness  parameter  which  decreases  rapidly  with  the  Reynolds  number. 

A  few  essential  points  are  summarized  below: 

-  if  the  roughness  has  the  shape  of  a  sphere  with  diameter  k,  it  is  considered  that  the  transition  oc¬ 
curs  suddenly  on  it  when  R«  =  U«K/v  reaches  500  to  600  (U|<:  velocity  in  the  laminar  boundary  at 
height  k). 

-  if  the  roughness  is  an  overthickness  with  height  k,  perpendicular  to  the  flow  (cylindrical  wire,  strip 

of  carborundum,  etc.),  the  main  parameter  appears  to  be  K/  *  i .  The  diagram  of  the  Figure  26  illustrates 
the  tripping  limit  in  the  case  of  a  flat  plate.  In  the  leading  edge  area  of  a  profile,  <5 \  is  often  in 
the  neiahborhood  to  0.02  mm  and  the  value  of  k  is  roughly  equal  to  it  /Ref. 33/. 

-  the  case  of  a  distributed  roughness  of  the  grain  of  sand  type  is  also  illustrated  in  the  Figure  26 

for  a  wind  tunnel  where  the  turbulence  level  reaches  1  % c  .  It  then  appears  that  a  distributed  rough¬ 
ness  where  Uek/v  reaches  100  to  120  alters  the  transition  location.  Applied  to  cryogenics  for  = 

2  b,  Tt  =  120  K  ,  M  =  1  .2  corresponding  to  R/m  =  110x106,  the  critical  roughness  height  is  1  pm. 

-  the  case  of  holes  was  also  studied  and  particularly  concerns  the  risk  of  tripping  by  pressure  taps 
/Ref.  32/. It  seems  that  tripping  occurs  if  d/  <  20,  where  d  is  the  diameter  of  the  hole. 

5.4.  Experimental  Techniques  Developed  to  Qualify  Transition 

A  technique  supplementing  that  already  presented  (oil  visualization  at  room  temperature,  disconti¬ 
nuities  in  velocity  distribution),  was  suggested  by  the  use  of  thermocouples  (Fig.  27).  If  a  small  thermal 
disequilibrium  of  the  model  is  produced  at  an  initial  time,  this  disequilibrium  naturally  tends  towards 
equilibrium  as  a  function  of  the  surface  fluxes,  which  differ  greatly  for  laminar  and  turbulent  boundary 

layers.  The  formation  of  a  sort  of  relatively  steep  front  is  then  observed  on  the  longitudinal  temperature 

distribution,  which  corresponds  to  the  transition. 

The  transition  location  can  also  be  investigated  indirectly  by  probing  the  wake,  as  illustrated  in  the 
Figure  28.  In  this  figure,  two  types  of  shock  wave-boundary  layer  interactions  can  be  compared:  one  laminar 
character ized  by  a  velocity  plateau  shifted  upstream  of  the  shock  wave,  corresponding  to  separation  then  to 
transition  of  the  boundary  layer  and  the  other  turbulent. 

The  forms  of  the  total  pressure  probings  are  very  different,  as  the  laminar  interaction  causes  doubling 
of  the  shock  wave,  which  takes  on  the  form  of  a  lambda,  decreasing  the  total  pressure  loss  near  the  profile. 

In  addition,  there  are  many  other  methods  available  to  qualify  transition:  infrared  thermography  (  dif¬ 
ficult  to  use  in  cryogenics),  total  pressure  probe  moved  longitudinally  on  the  wall  /Ref.  10/,  wall  flux 
measurement  gage,  friction  measurement  gage,  measurement  of  unsteady  static  pressure  on  the  wall. 

5.5.  Transition  for  3D  Flows 

Other  types  of  transition  can  exist  in  addition  to  the  instability  explained  above,  corresponding  to 
the  longitudinal  profile  of  the  boundary  layer. 

5.5.1  .  LeadingJidge_Transitign_(Fig._29] 

As  was  seen  above,  the  transition  on  the  leading  edge  of  a  swept  wing  can  be  predicted  by  a  20  criterion. 


The  boundary  layer  becomes  turbulent  when  kq  exceeds  25U.  However,  caution  must  be  exercised  since  this 
computation  is  derived  from  the  linear  theory  of  stability  and  the  disturbances  are  thus  assumed  to  be  small. 
If  they  become  large,  as  is  the  case  for  the  wing  root,  which  is  in  contact  with  the  turbulent  boundary 
layer  of  the  fuselage,  contamination  can  occur  /Ref.  7,8,13,14/.  The  critical  Reynolds  number  Rather  dec¬ 
reases  suddenly  to  100-120.  This  contamination  seems  to  extend  along  the  entire  airfoil  whenever  the  Reynolds 
(urher  Reat  the  wing  root  becomes  g-eater  than  120. 
t.5.2.  Transition  Due_to_Transverse_ I nstabi 1 i ty 

When  transition  was  not  tripped  on  the  leading  edge,  another  transition  mode  can  exist,  due  to  the 
i nstabi 1 ity  of  the  transverse  velocity  profile  {Fig.  29). 

for  the  transverse  instability,  two  criteria  were  developed  at  DERAT : 

-  the  first  empirical  criterion  states  that  transition  by  transverse  instability  occurs  when  R.  = 

VJdy  (W:  transverse  velocity)reaches  a  value  (between  50  and  150)  which  is  a  function  of  the 
longitudinal  profile  form  parameter  {Fig. 30). 

-  another  criterion  is  based  on  stability  computations.  The  velocity  profile  is  projected  in  various 
directions  normal  to  the  wall,  seeking  the  direction  rmin  which  gives  the  most  unstable  profile,  this 
direction  forming  an  angle  of  1  to  4  degrees  with  respect  to  the  transverse  flow.  The  transition  cri¬ 
terion  is  then  obtained  by  empirically  correlating  the  Reynolds  number  R ^  i  formed  with  the  velocity 
profile  displacement  thickness  projected  in  direction  rm,n  and  the  longitudinal  profile  shape  factor 
H.  The  curves  are  graduated  according  to  the  turbulence  level  Tu.  As  the  initial  transition  abscissa 
is  known,  the  transition  itself  is  computed  by  a  conventional  i ntermi ttence  model. 

5.6.  20  Transition  Tripping  Technique 


As  the  influence  of  surface  roughness  was  analyzed  in  Section  5.3.,  only  the  case  of  transition  trip¬ 
ping  by  a  carborundum  strip  is  described  below  /Ref.  33/. 

For  a  typical  Mach  number  distribution,  the  Figure  31  shows  the  appropriate  roughness  height  hj  required 
to  fix  the  transition  as  a  function  of  the  Reynolds  number  and  the  position  (hj-  ^  ) .  The  next  figure  (Fig. 
32)  shows  the  risk  of  overtripping  which  exists  when  the  Reynolds  number  is  increased  without  changing  the 
roughness.  The  overthickeningA^  due  to  tripping  is  expressed  : 

V;  =  1/2  Cdk  (UK/UeV*  »  with  C<j  =  0.5.  On  this  figure  is  plotted  ^he  momentum  thickness  ‘-te  computed  at 
the  trailing  edge,  related  to  the  drag  as  a  function  of  the  Reynolds  number.  It  is  observed  that  if  the 
roughness  set  at  x/c  =  7  percent  and  a  height  hr  =  0.036  mm,  adapted  for  a  Reynolds  number  of  4.5x1 06  is 
preserved,  the  error  on  g  may  be  as  as  2  percent. 

However,  adjusting  the  height  for  Rc  =  20x1 0&  reduces  the  error  by  a  factor  of  approximately  4. 

5.7.  experimental  Examples  of  the  Transition  Movement  ii.  the  T2 


Wind  Tunnel  :  "Experiment-Computation" Compar i son 

The  Figure  33  is  a  simple  illustration  of  the  influence  of  the  external  turbulence  level  Tu o n  the 
the  transition.  A  transition  near  45  percent  of  the  chord  is  observed  r  perimental ly  by  oil  visual ization 
and  from  the  Mach  number  distribution.  The  computation  correctly  rest itutes thi s  location  when  the  turbulence 
level  Tu  is  1*0  and  shows  the  very  high  sensitivity  of  the  phenomenon  to  this  parameter.  On  the  lower  sur¬ 
face,  the  laminar  boundary  layer  separates  at  about  60  percent  of  the  chord,  and  *he  transition  takes  place 
in  a  separation  bubble. 

The  Figure  34  explains  the  Mach  number  bump  phenomenon  by  computation.  This  phenomenon  is  related  to 
the  abscissa  variation  of  the  displacement  thickness  *j.  The  shape  factor  Hf  varies  from  a  laminar  value 
of  2.6  to  a  turbulenf  value  of  1.4. 

The  set  of  transition  variations  for  various  cases  as  a  function  of  angle  't  is  illustrated  in  the 
Figure  35,  which  again  illustrates  the  fa  ;t  trial  the  transition  location  is  predicted  by  computation  when 
Tu  is  in  the  neighborhood  of  1  “©  .  The  form  of  curve  3  is  not  real  but  is  due  to  the  fact  that  a  velocity 
distribution  exhibiting  a  bump  and  a  tendency  to  slightly  fix  transition  was  imposed  for  computation.  In 
addition,  it  is  observed  that  the  laminar  boundary  layer  can  exhibit  separations  either  towards  25  percent 
of  the  chord,  area  where  the  velocity  sharply  decreases,  or  towards  70  percent  of  the  chord  ,  area  of  ne¬ 
gative  gradient  at  the  rear. 

The  figure  36  shows  the  variation  of  the  transition  as  a  function  of  the  Reynolds  number  for  the  case 
i  *  -0.25  ,  M  =  0.73.  Many  phenomena,  already  described,  occur  when  the  Reynolds  number  increases  : 

-  earlier  transition  on  the  upper  surface 

-  substantial  ideal  fluid-viscous  fluid  coupling 

-  existence  of  a  separation  bubble  on  the  lower  surface  for  Rc  =  3.9x1 0^  then  disappearance  of  the 
bubble  as  transition  occurs  in  the  boundary  layer  without  separation. 

The  correspond i.ng  variations  of  aerodynamic  coefficients  Cj  and  are  illustrated  in  the  next  figure 
'  17)  and  represent  the  complexity  of  the  phenomena. 

The  Figure  38  illustrates  the  effect  of  the  tripping  location  on  curve  C]  ( Rc )  in  a  case  where  the 
transi 1  :  js  f  jxe(jt 

It  is  probahle  that  if  the  roughness  is  set  at  x/c  =  7%  percent,  spurious  tripping  may  occur  upstream 
when  l-'f'  Reynolds  number  exceeds  4x10^,  which  would  explain  the  corresponding  decrease  in  lift.  This  undue 
tripping  also  occurs  on  the  free  transition  curve  for  the  same  Reynolds  number  but  it  is  probably  due  to 
increasingly  numerous  spurious  trippings  distributed  along  the  span  of  the  airfoil  profile. 

EFFECTS  OF  THE  REYN0L0S  NUMBER  IN  A  2D  CASE:  CAST  10 

PROFILE,  M  =  0.  765  IN  THE  T2  WTNO  TUNNEL  WITH  SELF- ADAPT  TNG  WALLS 


6. 
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In  this  paragraph,  a  number  of  results  obtained  on  the  CAST  tO  profile  with  free  transition  as  a 
function  of  the  Reynolds  number  are  analyzed. 

The  figure  39  shows  the  characteristics  C](cx)  and  C](C^)  for  two  Reynolds  numbers  :  4  and  20  million.  In 
the  case  of  the  lowest  Reynolds  number,  laminar  areas  exist  on  the  upper  and  lower  surface  of  the  profile  and 
vary  in  complex  fashion  as  a  function  of  the  angle  of  attack,  causing  non  linear  variations  in  the  aerodynamic 
coefficients. 

It  is  also  observed  that  the  minimum  drag  occurs  for  an  angle  approaching  0  degree  ,  correspond! ng  to 
transitions  on  the  upper  and  lower  surfaces  close  to  x/c  «  60  percent. 

The  phenomena  are  very  different  for  a  Reynolds  number  of  20  million;  curve  C-\  {.x  )  becomes  linear  up 
to  around  C]m^x  and  is  shifted  downwards.  Correlati vely ,  the  profile  drag  is  larger,  probably  correspon¬ 
ding  to  transition  locations  very  far  forward. 

In  the  Figures  40  and  41,  it  was  attempted  to  analyze  as  well  as  possible  as  a  function  of  the  Reynolds 
number  the  phenomena  whichoccurred  for  a  case  where  the  shock  wave  drag  was  low:  M  =  0.765,  a  -  0.25  degree  . 

If  the  displacement  thickness  is  computed  for  the  lower  surface  and  upper  surface  boundary  layers  as  a 
function  of  the  Reynolds  number,  using  in  each  case  the  experimental  distribution  of  the  measured  Mach 
numbers  and  the  transition  criterion  given  in  Section  5,  the  following  phenomena  are  observed: 

-  On  the  lower  surface,  the  Mach  number  distribution  varies  with  the  Reynolds  number  and  the  computation 
first  indicates  a  separation  bubble,  visiDle  in  the  Mach  number  distribution,  then  a  transition  without 
separation  located  after  the  maximum  velocity  and  finally  a  transition  at  x/c  =■  1  percent  caused  by 
the  overspeed  peak.  This  variation  corresponds  to  a  variation  of  ‘'je  indicated  by  the  solid  line. 

The  dashed  line  curves  are  computed  by  setting  the  transition  either  at  x/c  =  1  percent  or  at  the  se¬ 
paration  point  which  occurs  near  50  percent  of  the  chord  under  the  effect  of  the  negative  velocity 
gradient, 

-  On  the  upper  surface,  the  Mach  number  distribution  also  varies  as  a  function  of  the  Reynolds  number. 
There  is  first  a  shock  wave-laminar  boundary  layer  interaction  with  a  lambda  form  (separation  charac¬ 
terized  by  a  bump  followed  by  a  plateau),  then  the  transition  progresses  upstream  of  the  shock  wave 
and  the  interaction  changes  form  as  was  illustrated  in  the  Figure  28. 

-  Concerning  the  variation  in  ?u  on  the  trailing  edge,  a  decrease  in  -u  is  observed  as  long  as  the 
transition  is  fixe!  by  the  shock  wave,  followed  by  a  sort  of  plateau  corresponding  to  progression  of 
the  transition.  This  phenomenon  is  identical  to  that  described  in  paragraph  5.1.  (Fig.  24). 


Finally,  a  comparison  between  the  drag  measured  from  the  wake  and  the  predictable  variation  in  the  drag 
is  plotted  in  the  Figure  41,  assuming  the  drag  to  be  proport ionnal  to  -u  ♦  "l  (it  is  recalled  that  a 
SQUIRT- YOUNG  type  formulation  is  linear 


C„v  PTF  (Arc  (H**)/? 

C<j  =  2— — ,  where  =  eTn  -  —  (rr-)  »  where  H  is  a  shape  factor  at  the  trailing  edge), 

r  Tt  O®  Uoc 

The  value  K  -  0.83  was  selected  to  correspond  to  the  first  experimental  point  at  Rc  =  4  million, 
value  probably  slightly  increases  due  to  the  fact  that  the  trailing  edge  velocity  increases  with  tt- 
nolds  number.  However,  a  probable  cross-hatched  domain  can  be  plotted  for  variation  in  the  drag. 


Initially,  the  experimental  points  effectively  yield  the  same  variation  as  the  computation  for  <  K 
million,  but  an  excessive  increase  in  drag  is  then  observed  with  respect  to  the  computation.  Thi-  ise 
can  only  be  explained  by  holding  the  leading  edge  transition  fixed  in  the  computation. 


The  analysis  of  these  results  and  many  others  is  being  continued  in  conjunction  with  the  06 put  t  t 
de  Calcul  Aerodynamique  of  ONERA.  Additional  information  will  be  contributed  by  testing  w'*h  fixed  n- 

sition,  but  it  is  already  likely  that  the  model  surface  condition  is  not  sufficient,  in  te  of  the  1  "■  •* 
number  of  precautions  taken.  It  is  also  of  use  to  analyze  the  effect  of  the  boundary  layer-ideal  fluw 
coupling  with  transition. 


/ 
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7.  CONCLUSION 


In  conclusion,  we  will  return  to  the  ideas  set  forth  in  the  beginning  of  the  paper  to  see  what  we  can  ex¬ 
pect  from  the  future. 

After  an  initial  phase  devoted  to  design  and  development  of  cryogenic  wind  tunnels,  many  facilities 
have  already  started,  are  starting,  or  are  going  to  start  the  operational  phase.  The  conclusion  is  drawn 
with  this  outlook,  asking  how  to  make  the  best  possible  use  of  the  enormous  possibilities  offered  by  cryo¬ 
genics. 

First, the  user  should  be  warned  that  the  Reynolds  number  is  not  the  miracle  parameter  guaranteeing 
validity  of  the  results. 

More  than  ever,  it  is  necessary  to  preserve  a  critical  attitude  and  consider  the  wind  tunnel  as  a  tool 
(Fig.  1,  2,  3)  to  understand  and  analyze  phenomena,  simulate  flows,  validate  new  concepts  and  assist  manu¬ 
facturers  in  developing  and  optimizing  aircraft. 

However,  like  any  tool,  it  has  limits  which  must  be  well  mastered,  concerning  its  scope  of  use  and 
taking  into  account  all  the  parameters  which  can  modify  the  results,  one  of  the  objectives  being  also  to 
increase  its  efficiency. 

This  paper  described  the  importance  of  many  parameters,  including  the  non  adiabatic  wall  effects,  as 
wel1  as  a  certain  number  of  parameters,  such  as  surface  roughness  and  the  external  turbulence  level,  which 
directly  affect  transition  or  the  development  of  the  boundary  layers.  In  addition,  the  effect  of  the  Rey¬ 
nolds  number  is  often  complex  and  gives  results  which,  although  unexpected,  often  have  a  physical  expla¬ 
nation.  From  this  standpoint,  all  the  links  existing  between  theoreticians,  manufacturers  and  researchers 
should  be  strengthened. 

To  be  efficient,  the  cryogenic  wind  tunnel  must  also  offer  maximum  flexibility  in  spite  of  the  comp- 
lexibllity  of  the  tests  which  can  be  conducted  in  it. 

An  important  effort  must  be  made  in  this  area.  In  particular,  it  is  of  prime  importance  to  develop 
performing  instrumentation  to  take  into  account  all  the  essential  test  parameters  (Fig.  42). 

It  is  by  the  conjunction  of  many  efforts  in  these  areas  that  cryogenic  wind  tunnel  testing  will  occupy 
an  increasingly  large  place  in  future  test  facilities. 
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fig.  18  :  Exemples  of  boundary  layers  stabilisation  time  after  a  step  from  167  to  117  K 
for  two  bodies  of  revolution  solid  or  hallow  from  C.B.  JOHNSON. 
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Pig.  <)B  -  Wake  measurements  :  comparison  between 
a  laminar  and  a  turbulent  interaction 
(shock  wave,  boundary  layer). 

Fin.  27  -  Experimental  technique  developed  at  17 
to  qualify  the  transition  location  ; 
Tw( x  ,t )  and  M( x/c  ) . 
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Fig.  29  -  Three  dimensional  transition  pheno-  Tig.  30  -  Three  dimensional  transition  : 
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Fig.  31  -  Two  dimensional  boundary  layer 
tripping  :  effect  of  Re,  Rxf  and 
of  the  carborundum  height  f^r  a 
$  typical  ransonic  case 
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Fig.  it  -  Two  dimensional  boundary  layer 

tripping  :  problems  due  to  an  over 
thickness  of  the  boundary  layer  as 
a  function  of  the  Reynolds  number. 
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Fin.  36  -  Reynolds  number  effects  on  transition  location 
at  M  *  0,73  and  i=  -  0,2S’  :  M(x/c)  as  function 
of  Rc 


Fig.  37  -  Reynold*  number  effect  on  the 
transition  location  at  M  =  0,73 
and  ri  =  -0,25°  :  X-y,  CL  and  Cq 
as  function  of  Rc. 
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Fiq.  39  -  Typical  free  transition  results  obtained  at  T2  with  the  CAST  10  airfoil 
CL  (A)  and  CL(Cd)  at  M  =  0.766. 
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NEEDS  IN  INSTRUMENTATION 

-  Model  attitude  (flexibility' 

-  Model  roughness  control 

-  Balances 

-  Surface  measurements 

.  Temperature  distribution 
.  Wall  streamline  visualization  technique  ? 

.  Wall  heat  fluxes 
.  Wall  skin  friction 

.  Localization  of  the  boundary  layer  transition 

-  General  flow  configuration  around  the  model 

.  Optic  system 
.  Probing  system 

-  Probes  :  Pt  .  Tt  ,  P . 

-  Pressure  transducers  :  cryogenic,  scanning  system 
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Fig,  4 2  -  Needs  in  instrumentation 
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Aft»*i  briefly  reviewing  I  he  idea  of  productivity,  wo  examine  how  it  is  applied  to  largo  non-rrvopenii 
wind  tunnels.  I  he  so  rons  ldot at  ions  can  bo  extended  to  the  new  cryogenic  wind  luiim'h;  but  these  hive  some 
special  features  we  attempt  to  detine  precisely.  Wo  then  examine  the  more  important  !u»al  points  in 
designing  ■»  cryogenic  wind  tunnel  tor  good  product i vi t y  in  operation. 


1  -  INTRODUCTION 

The  tirst  steps  in  applying  cryogenics  to  wind  tunnel  design  and  construction  demanded  mm h  thought  ind 
experimental  verification  concerning  the  validity  of  the  principle,  the  w.»v  of  applying  it  ind  the  means 
to  he  used.  Ideas  of  productivity  were  left  aside  for  the  time  being.  However,  in  going  fr^m  the  small 
experimental  systems  to  large  wind  tunnels,  the  designer  and  future  user  must  seanh  lor  productivity  t he 
same  wav  they  have  tor  many  years  now  with  the  large  non-c ryogen it  wind  tunnels. 

However,  cryogenics  wind  tunnels  have  specific  features.  The  fluid  used, very  fold  nitiogon, is  i  medium 
hostile  to  man.  Thus,  the  idea  of  gaining  access  to  the  models  and  wind  tunnel  itself,  altcadv  dittuuir 
when  going  from  nonpressurized  to  pressurized  wind  tunnels,  is  further  complicated  bv  the  temperature 
parameter.  Liquid  nitrogen  is  a  relatively  expensive  product  that  must  he  economized,  for  this  reason, 
the  cryogenic  wind  tunnel  operates  in  "blowdown"  mode  even  if  the  wind  tunnel  is  designed  to  opera* c 
continuously,  with  a  fan. 


2  -  THE  IDEA  OK  PRODUCTIVITY  AND  ITS  APPLICATION  TO  WIND  TUNNELS 


The  term  productivity  first  designated  the  capacity  to  produce,  or  the  state  of  being  productive. 


This  idea  has  been  studied  for  several  centuries  in  economics,  which  we  can  define  as  the  "human 
science  of  obtaining  wealth"  and  is  thus  related  to  the  idea  of  efficiency.  However,  the  word  itself  did 
not  take  on  its  current  meaning  until  quite  recently  flj.  It  can  be  defined  as  the  quotient  of  total 
production  divided  by  one  of  the  factors  of  production,  e.g.  the  productivity  of  labor  is  the  quotient  of 
production  divided  bv  the  time  worked: 


Product iv i  t  v 


Product  ion 
Hours  worked 


More  generally,  productivity  la  the  quotient  of  the  product  divided  by  the  added  value  of  ail  of  the 
factors  used. 


The  quality  of  the  production,  and  thus  the  service  rendered,  should  also  be  taken  into  acount . 

Applied  to  scientific  research,  this  idea  of  productivity  brings  up  the  difficulty  of  quantifying  both 
the  numerator  (quantity  and  quality  of  scientific  production)  and  the  denominator  (the  money  expenditures 
attached  to  a  certain  action),  plus  the  hours  of  work  devoted  to  it.  It  mav  even  lead  to  a  total  rejec¬ 
tion  n|  this  mercantile  idea  bv  the  researcher,  who  will  attach  importance  oniv  to  the  quality  of  the 
result,  without  considering  the  denominator. 

It  is  nevertheless  absolutely  necessary  that  this  idea  be  applied  to  reseatch  installations  that  employ 
a  large  work  force  and  expend  large  quantities  of  energy. 

For  a  large  wind  tunnel,  used  both  for  research  and  technical  assistance  to  the  aerospace  Industry,  it 
1  ■»  clear  that  the  numerator  can  be  evaluated  as  a  certain  number  of  tests,  and  as  the  production  of  data 
in  the  form  of  a  certain  quantity  of  acquired  measurements,  curves,  tapes  and  test  reports  that  are 
finally  applied  to  the  construction  of  a  high-performance  aircraft.  Therefore,  the  greatest  number  of 
tests  must  he  performed,  providing  the  highest  quality  data,  on  a  yearly  basis,  tor  instance.  The 
denominator,  on  the  other  hand,  can  be  expressed  as  a  cost,  including  the  total  energy  used  in  running  the 
test,  t. he  hours  of  work  paid  to  personnel  for  preparing,  running  and  analyzing  the  test,  computer  expenses 
and  general  costs:  purchases,  maintenances ,  overhead  and  amortization. 
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Fig.  1  -  Time  Growth  of  wini  tunnel  ■■■>.?<— j  pan-.. vy 
hours  u serf  in  aircraft  development  ,  and  wind 
tunnel  costs. 
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Fig.  2  -  Energy  rates  and  total  energry  used 
for  various  facilities  in  FY  1981. 


Pig.  I  shows  the  historic  increase  in  the  number  ot  wind  tunnel  occupancy  hours  needed  to  develop  an 
aircraft,  and  the  cost  ot  the  wind  tunnels  expressed  in  hours  ot  occupancy  |2).  Expenditures  lor  wind 
runnel  tests  are  only  a  small  part  of  the  cost  of  a  major  project.  The  authors  ot  |  3|  indicate  that  a  $  10 
to  40  million  wind  tunnel  rest  expenditure,  including  the  price  of  the  models,  for  an  airliner  program  is 
onlv  >?•  ot  the  total  program  cost. 

Although  this  percentage  is  small,  it  is  still  .a  large  sum  and,  in  •  t*st  center,  ■  '  ere  is  a  i  Mili¬ 
tant  effort  to  reduce  costs  I  5  .and  4J.  However,  comparing  test  cost*  b-' wee-  liffcrent  oi  in  f.'.at  i.ui.s  in 
different  countries  is  difficult  because  of  the  different  ways  the  >  •  c;.  tine  is  eval  ted, 

whether  or  not  the  amortization  is  to  he  introduced  and  became  of  t‘  a  differences  :  the  cost  of 

energy. 

Figure  2,  taken  from  |3|.  shows  the  variations  in  the  cost  ot  energy  for  different  «f,»t  centers  in  the 
United  States. 

Figure  1,  which  i3  also  taken  from  |  3|,  shows  the  tost  per  hour  ot  occupancy  and  the  percent  ot  power 
cost  in  the  total  cost,  for  several  wind  tunnels. 


TUNNEL 

TYPE 

SIZE 

BASIC  COST* 
Dollars  pe 

POWER  |  TOTAL  COST 
r  occupancy  hour 

POWER  COST 

TOTAL  COST 

Ames 

Transonic  Atmospheric 

14* 

1  450 

400 

1  850 

21  ,6* 

Ames  Unitary 

Transonic  Pressure 

ir  x  ii* 

1  7  50 

8  50 

2  600 

32,6" 

Boe  i  ng 

Transonic  Atmospheric 

8'  X  12' 

2  355 

160 

2  515 

b,  47 

Calspan 

Transonic  Pressure 

8 '  X  P' 

2  260 

340 

2  600 

1  37 

Ames 

Low  Speed  Pressure 

12' 

l  non 

400 

1  400 

28,5'/ 

Boeing 

Low  Speed  Atmospheric 

5  '  X  8 ' 

475 

10 

48  5 

2,  1  y 

Convair 

Low  Speed  Atmospheric 

8'  X  12' 

550 

80 

6  30 

12,67 

Rockwel  1 

Low  Speed  Atmosplerlc 

7-3/4'  X  11’ 

550 

80 

630 

12,77 

University  of  Washington 

Low  Speed  Atmospheric 

8*  >:  i2f 

235 

20 

255 

7,8? 

Vertnl 

_ 

Low  Speed  Atmospheric 

20'  X  20’ 

1  600 

200 

1  800 

11,1* 

k  Includes  labor,  maintenance,  depreciation,  computing,  etc. 

Fig.  3  -  Typical  Transport  Aircraft  Testing  costs  (1981  Base).  These  costs  are  estimated  from  past 

Boeing  experience  and  actual  bill. 

for  the  installations  considered,  this  ratio  goes  from  2.1'-  for  a  small  subsonic  wind  tunnel,  and  at 
atmospheric  pressure,  to  32. 6<  for  a  large  pressurized  transonic  wind  tunnel. 

Through  the  remainder  of  this  paper,  productivity  will  not  be  expressed  by  a  total  number,  but  rather 
we  will  only  examine  the  way  each  term  in  this  quotient  should  be  influenced.  Money  values  will  be  used 
with  the  greatest  caution,  and  time  or  energy  units  and  dimensionless  expressions  will  be  used  when 
possible  in  their  stead. 


3  -  RESEARCH  PRODUCTIVITY  IN  CONVERT I ORAL  WIND  TUNNELS 

Improving  the  quality  of  the  tests,  to  meet  the  ever-' increasing  requirements  of  industrial  research 
groups  requesting  the  tests,  is  a  continuous  Job  calling  for  patience  and  consistency.  One  example  is 
ONP.RA's  Modane-Avr teux  renter,  where  this  effort  has  been  going  on  tor  30  years  now  |5|. 


T 


this  qualitv  term,  difficult  to  quantity  but  quite  real,  must  be  associated  with  a  quant  i  tv  term;  the 
i  e«tu<  t  ion  »t  wnui  tunnel  occupancy  time  tor  a  given  test  or.  in  other  words,  an  increased  number  ot  tests 
in  a  given  rime.  Associating  the  two  terms  increases  r he  product,  which  is  the  numerator  in  the  product  1- 
v  1 1  v  quo*  1  ent  . 


It  is  ml ei est mg  to  see  how  wind  tunnel  occupancy  time  is  broken  down.  Fig.  4  shows  this  in  three  pie 
--hatts.  I  he  first  is  for  the  b‘2MA  wild  tunnel  at  the  Xodane  center,  and  is  averaged  over  the  three-year 
pei  i«»d  l'txi-l’*Mi.  iho  2V  test  run  snare  betaine  H)i-  Hi  1 ‘*84 .  The  other  two  pie  charts  (unpublished; 
given  bv  h.M-ing  m  1‘fXti  ,ire  tor  the  hoeing  transonic  wind  tunnel  in  Seattle  and  the  1 2-toot  NASA  AK<  wind 
tunnel  it  Ames  I  t>  I  ,  t  cspect  ivels  . 


PREPARATION  N 
|  M  T£ST  STCTJON) 

DISHANTUNG  /  M0DEl 
BREAKDOWN/  CHANGES 


31V.  / 


1.1.  V. 


ONERA  S2MA 


6V.  START -UP  ROUTINES 


BOEING 


NASA  ARC  12  FOOT 


Fig.  4  -  Occupancy  time  distribution . 


This  occupancy  time  Is  subdivide*  into  two  main  parts: 

the  h8  to  7 of  the  total  time  with  the  tan  off,  tor  te9t  section  preparation,  model  installation, 
disassemblies  and  ronf igurat ion  changes 

the  . S  to  12'  running  time,  half  of  which  goes  to  establishing  the  test  conditions,  such  aa  the  Mach 
number,  and  the  other  halt  of  which  goes  to  data  acquisition. 

Kedtn  ing  the  length  ot  each  te9t  program,  to  carry  out  the  greatest  numbet  ot  tests  in  a  year,  entails: 

redui  ing  I  he  running  time  by  automating  the  test  sequence  (wind  tunnel,  model  supports  and  model 
.  onf  rnla),  real-time  monitoring  of  the  essential  test  parameters,  reliability  ot  the  measurement 
system*-  md  the  use  ot  high  performance  computers 

hut  also  reducing  the  tan  off  time ,  which  will  be  examined  in  greater  detail  at  the  end  of  section  i. 

Then,  looking  at  the  denominator  of  the  productivity  expression,  it  is  quite  clear  that  lowering  the 
rotation  time  reduces  the  energy  expended,  and  reducing  the  occupancy  lime  lowers  the  number  of  personnel 
hours;  but  this  latter  point  must  be  considered  in  a  larger  context. 

i.l  -  /he  test:  ttyerall  operation 

The  efficiency  goal  is  not  limited  to  the  test  execution  phase.  It  must  be  applied  to  the  entire  period 
going  t rum  the  test  definition  down  to  the  production  of  data  because,  during  thiB  period,  a  rate  is 
applied  lo  personnel  hours  to  establish  the  cost  ot  the  test. 

This  whole  operation  includes: 

a)  Engineering  design: 
mode  I  det lnit ion 

definition  ot  test  setup  and  oports 

verification  ot  the  aerodynamic  validity  of  the  setup,  and  of  the  model  and  test  setup  strength 
definition  ot  the  model  instrumentation  and  equipment. 

b)  Construction,  Instrumentation  and  checking  of  the  model  and  test  setup 

r I  Operational  test  of  the  entire  assembly,  outside  the  test  section  before  the  test.  It  is  desirable 
that  this  verification,  which  should  cover  all  of  the  test  setup  and  model  equipment,  be  carried  ou»  under 
conditions  as  close  as  possible  to  wind  tunnel  conditions. 

d)  Wind  tunnel  tests. 

Equipment  and  method  reliability  must  first  be  established  before  undertaking  this  phase  of  the  whole 
operation,  as  defects  appearing  during  the  tests  cause  test  delays  and  upset  the  wind  tunnel  program  for 
the  following  test. 


T 

i 


{hr  wavs  of  reducing  the  wind  tunnel  teat  time  were  spoken  ot  above,  in  the  analysis  of  the  occupancy 
t  im** . 


•• )  Kesu  Its. 

One  ot  the  reasons  tor  using  high  performance  computer  svsteras  is  to  fully  understand  the  test  while 
the  test  is  going  on,  bv  generating  near-real  rime  data.  This  wav,  the  test  can  be  controlled  inler- 
jt.  t 1 ve i  v . 

lh*‘  tinal  goal  is  to  shorten  as  much  as  possible  the  time  needed  to  generate  the  full  set  of  test  data 
uni  <*  the  test  is  finished. 


It  each  o!  these  operations  is  made  more  efficient,  the  total  number  ot  hours  devoted  to  the  the  whole 
lest  prog:  "*  is  reduced. 


final lv,  in  searching  tot  greater  productivity,  the  importance  of  efficient  personnt roust  not  be 
t  <»t  got  ten.  As  J.F.  Wendt  expressed  it  so  well  in  .1  recent  report,  "A  requirement  which  is  often  over¬ 
looked  is  trained  personnel — both  engineers  and  technicians.  Productive  wind  tunnels  are  those  in  whi* h  a 
team  ot  people  have  been  working  together  tor  at  least  a  tew  years  and  which  are  supported  bv  an  in- 
(  1  um.-nt  it  ion  branch.  Experience  in  running  facilities,  in  selecting  appropriate  measurement  techniques 
ompaiiblo  with  data  needs,  tunnel  characteristics  and  data  handling  systems;  and  in  the  development  of 
now  mojsui emont  techniques  cannot  be  purchased;  it  must  be  developed  and  systematically  utilized". 

Ihls  remark,  which  applied  here  to  wind  tunnel  operation,  also  applies  to  its  design. 

*. .  1  -  h'oilue  I  rip  t  he  time  oft.  Import  .wee  of  the  "test  section  j/vj.  " 


the  Ion.-  intervals,  mentioned  above,  during  which  a  wind  tunnel  is  occupied  with  the  tan  oft  are  due  to 
r he  mode)  installation,  adjustment  and  disassembly,  and  to  configuration  changes  carried  out  on  the  model 
hinny  rests.  Carrying  out  all  of  these  opera' 10ns  outside  the  test  sections,  then  instantly  replacing 
enc  model  with  the  other,  wni  Id  be  an  ideal  case  in  which  the  uccupancv  time  without  rotation  would  be 
zero.  i)i is  is  impossible  to  attain. 
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Fig.  5  -  Organizat ion  of  the  "test  section  area". 


fig.  S  <  ompares  the  "lest  section  area"  organization  for  different  wind  tunnels,  ot  the  type! 

without  trolley  or  cart;  nonpressurized  <  «?)  or  pressurized  (c  and  </)  .  The  model  setup/disassembly  and 
configuration  « hanges  can  onlv  be  made  inside  the  res*  section.  However,  to  save  time,  the  model, 
balance  and  sting  can  be  prepared  outside  the  test  section  and  then  placed  inside.  This  is  the  method 
used  at  the  SJMA. 

with  a  moving  element  carrying,  the  model.  The  test  setup  is  assembled  and  d  isassenb1  ?d  outside  the 
wind  tunnel.  For  h,  and  ?  (AFp(’),  a  trolley  carrying,  the  node!  is  used,  where  the  trolley  ensures  the 
<  ircuit  continuity.  By  using  several  trolleys  (three  at  the  SIMA),  tests  can  be  prepared  simu’ taneousl y . 

lor  e  (AKA)  and  /,  the  model  is  carried  on  a  cart.  At  the  AKA,  a  moving  trollev  at  the  diffuser 
entrance  frees  the  end  of  the  test  section  so  that  the  cart  carrying  the  model  can  be  removed.  This  cart 
is  normally  placed  at  the  end  of  the  test  section.  At  the  Cal9pan  and  RAE,  the  cart  also  serves  as  the 
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t  i 


III.  W  1  tl*l  1  'Jill!* 
Hi  I)**  depie:.- 


if 


ta<  i  lit  i  ho  t  vpo  t  wind  i  unni’ls  woulil  In-  ■  omp  L  ••  t  *>  1  \  us**l*:s  wit  hn 

•  *mpt  v  i  ng  and  tilling  *i  •  that  would  ho  tod  *-a.  ti  I  inn-  t  ho  i  out  ivm.i 

h»»w  simple  it  is.  1  ho  volumo  of  t  h**  i  I  is  I  l.UlKi  m’,  whi*  h  <i'ii**sp*m 
the  mass  of  t  ho  tic  between  i  and  4  hat.  i  he  volume  between  t  h**  «•  at  *>-;j 


I  hi*;  description  shows  how  impoitant  it  is  that  thi*  tost  soot  i  on  ii.-i  art  inyvacnt  ho  t  bought  out  it 
It-riyth.  Om*  or  moi**  fosfs  mu  s  r  f<»*  prepared  outside  the  test  sect  i*>n.  i<  t  itu*  on  .i  >i:  *-.:  . 

wh  i  I  •-  olio  tost  is  vuiny  on  lnsul**.  I  ho  model,  its  balance  and  supports  and  a  "pi . "  ot  i  ho  test  sort  pm 

i  r  s**  I  t  mu  yt  he  t  to  » f  o.|  as  j  sing)**  **l**ment.  wha«  ever  r  ypo  setup  is  used.  It  it.  ot  great  importance  lot 

t  to*  stmpll*  Uv  and  ottp  i**n<v  ot  Mo*  final  design  that  the  "pi . "  ot  tost  so*  'pin  he  chosen  prudent  lv.  1 1. 

mu  e  the  reliability  nut  sp**e*l  <>t  the  test  section  out  i  aiue/ ex  i  t  is  known,  wo  ran  determine  »  h* 
l  lino  when  the  model  has  to  he  taken  out  ot  l  ho  sort  ion  tor  mod  1  t  P*af  1  on .  the  tune  needed  y»*t  s  shorter  as 
t  to*  :a>eed  and  teli  ahllltv  l  in’ reuse. 

Partii.ulai  attention  should  he  paid  to  the  electrical  i  nd  tluid)  connections,  which  must  tu*  entirely 
aut  omit  *.*d .  whether  the  a«qu  i  s  1 1  ion  system  is  pa  it  ot  the  cart  or  is  tixed. 

i.xpej  ien'.e  shows  that,  r»v  **n  in  i  .  mil  inuous  wind  tunnel  like  i  hi*  li.  the  high  speed  of  the  acquisition 
systems  iti.iv  .ip  test  times  hotwen  *  «mt  i  gut  at  l  on  changes  down  to  just  a  f**w  ininu1  "S.  the  desire  tor 
productivity  should  stimulate  an  attentive  studv  ot  how  to  motorize  t  h*-  models  ..id  to  optimize  the  tost 
program  sequence. 


4  -  THK  CKYOGKWIC  WIND  TUNNK1.S 

I  tie  above  *-ons  i  dv  rat  1  ons  on  tu>w  t«.  increase  the  productivity  ot  conventional  wind  tunnels  also  applv  to 
'  iv.ig.-np  wind  tunnels:  hut  the  n*-w  stagnation  temperature  parameter  It.  which  varies  from  i()0  K  to  lOO  K . 
and  the  .  *>st  ot  liquid  nitrogen  int  rodu*  ♦*  special  new  conditions: 

With  the  cost  ot  liquid  nitrogen,  some  wav  is  sought  to  reduce  the  tan  rotation  lime  during  which,  in 
si*adv  royime,  l  h«*  idded  liquid  nitrogen  essentially  offsets  the  energy  added  hv  the  tan  arid,  tor 
small  pari,  the  thermal  losses.  Jo  do  this,  the  automatic  svstems  adjusting  pi.  /'/  and  .Yard  t  he 
iutom.it  ion  ot  the  model  support  ought  to  undergo  particular  studv.  these  short  rotation  times  bring 
out  i  he  transient  character  ot  conventional  wind  tunnel  operation,  where*  starts  and  stops  are  frequent, 
is  opposed  t o  industrial  svstems  that  operate  almost  continually. 

-  Vh**se  transient  states  varv  the  temperature  ot  the  wind  tunnel  elements,  which  at  torts  the  consumption 
ot  liquid  nitrogen.  Special  attention  should  be  paid  to  the  temperature  conditioning  ot  the  wind 

t  unne 1  . 

t'sing  a  medium  hostile  to  man  means  that  there  is  no  simple  wav  of  gaining  direct  access  to  the  model 
or  to  the  other  wind  tunnel  elements.  Special  attention  must  be  paid  to  the  accessibility  and  handling 
conditions  and  the  temperature  conditioning  ot  the  model.  Although  less  frequent  and  justified  anlv 
tor  checking  and  maintenance  purposes,  access  to  the  other  elements  cannot  be  neglected  either. 

1  he  accessibility  conditions  must  be  such  that  no  water,  carbon  dioxide  or  dust  enter  the  tunnel 
itself. 

4 . |  -  Important  points  to  be  considered 

A  wind  tunnel  client's  first  question  is,  "What  will  the  test  program  cost’"  To  run  the  greatest 
number  ot  tests  at  the  lowest  cost,  an  exhaustive  list  must  be  made  of  the  points  to  be  considered  during 
the  cryogenic  wind  tunnel  design. 

To  do  this,  it  is  convenient  to  consider  the  table  of  contents  ot  the  spec 1 1 i > at  ion  tor  a  typical 
project.  This  can  be  seen  in  Fig.  b,  where  the  table  of  contents  contains  nine  chapters.  The  tvpetace 
tor  the  various  chapters  indicates  the  importance  assigned  to  those  subjects  during  the  wind  tunnel  design 
phase,  when  analyzing  the  future  productivity  of  the  system.  These  are: 

the  test  gpertrum  retained,  which  determines  the  number  of  technological  alternatives  and  provides  an 
answer  to  another  of  the  clients  questions.  “What  tests  are  possible,  and  how  much  versatility*  do  1 
have.’"  The  test  spectrum  idea  is  defined  in  section  4.3 

-  the  thermal  insulation  mode,  which  Largelv  determines  the  versatility  ot  the  test  execution,  the  wind 
tunnel  temperature  conditioning  and  the  operating  cost 

the  test  section  access  conditions 

*  the  model  handling  conditions 


the  model  temperature  conditioning. 
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Fig.  6  -  The  main  topics. 
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It  should  not  bo  concluded  from  this  list  that,  tot  example,  chapter  7,  on  the  rout  to  I  and  data  f 

svsti-im..  is  of  no  importance.  On  the  t.  itratv.  it  is  essential  to  wind  tunnel  productivity.  In  part¬ 
icular.  the  performance  of  the  servo  ivs  om  tot,  the  stagnation  pressure  pi  or  /><>,  the  stagnation  tempe¬ 
rature  /'/  or  To  an:  the  Mach  number  .¥  . ■  •  i r.  be  studied  more  carefully.  However,  even  it  the  means  involved 
are  complex,  at  least  thev  are  not  unkn<  a . 

S 

<>n  the  other  hand,  the  points  }ust  listed  are  strunglv  interactive,  and  there  is  a  definite  lack  ot 
experience  in  dealing  with  them.  j 

Fig.  b  also  attempts  to  show  the  different  elements  contributing  to  wind  tunnel  prodin  t ivit v ,  and  the  j 

interaction  between  these  and  other  important  items  such  as  structural  fatigue,  rotation  time,  versatility  ' 

*  test,  com!  it  ions. 


a .  J  -  Opt* rat  ing  Cost 

NASA  engineers  have  estimated  she  cost  ot  nitrogen  expended  during  Nil  rotations  I  7,  8,  ¥|.  Mg.  ? 
summarizes  the  performance  of  the  NTF  and  indicates  the  expense  in  dollars  per  second  while  the  wind 
tunnel  Is  running  steady  state,  during  which  the  nitrogen  flow  compensates  the  power  the  fan  dissipate 
l nt o  the  .  1 rcu i t . 

rB,  ....  ........  i  (Mm 


Fig.  y  -  Plot  of  I- ’’ 2  cost  rate  versus  Reynolds  number  for  the  N7T,  showing  different  levels  of  the  Mach 
number  and  drive  power.  Plot  of  maximum  Reynolds  number  versus  Mach  number  for  the  NTF ,  showing  levels  of 

powe  r  requ  i  red . 

Jh*>  maximum  expenditure  goes  up  to  $  TO  per  second.  The  authors  estimate  that,  for  a  Hoeing  74  7  model 
tested  at  the  actual  flight  Reynolds  number,  the  expense  would  be  $10  per  second,  or  SbOOO  tor  an  ten- 
minute  rot  at  ion. 
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in)?  t  h*»  KTW  tor  a  vi'jr  was  est  i mated  on  t  he  basis  of  *>.000  poiars  per  year.  broken  down 
s  toi  15  test  programs  in  42  weeks  (Mg.  8).  this  cost  was  calculated  adding  A  *  ft  *  (, 
st  in  energy  (on-site  liquid  nitrogen  plant),  ft  it,  personnel  costs  and  t  is  the  <  <*st  of 
ranee  and  other  costs,  but  not  including  amort  izat.  ion .  With  an  Initial  energy  cost 
o:;t  was  btoken  down  .4  3  50',  ft  *  JP  and  r  *  19--.  laking  the  most  optimistic  price  for 
and  the  installation  ot  the  liquid  nitrogen  plant,  A  i  an  be  reduced  to  J5. 


Annual  maintenance 
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291  5K 
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Fig.  8  -  Assumed  annual  operating  schedule. 


I  tom  these  two  <  a  !•  u  lat  ions ,  it  seems  that: 

the  energy  •  ost  Is  a  large  part  ot  the  budget.  Fig.  .1  indicated  2.1  to  12 .  b  tor  the  power  cost,  out 
ot  the  total  tost.  Ihe  same  calculation  tor  the  large  wind  tunnels  at  0NLKA  gives  1  to  15<,,  depending 
on  the  wind  tunnel.  It  should  nonetheless  be  noted  that,  in  these  two  cases,  the  amortization  is 
counted  in.  whirh  reduces  the  share  ot  the  power  cost. 

the  high  instantaneous  mass  flow  of  nitrogen  flow  will  encourage  experimenters  to  reduce  the  running 


lime  by  all  possible  m**-ins.  in  particular  bv  high 
increase  the  number  ot  tests  each  year,  but  the  i 
significant  is  an  efficiency  factor.  The  fan  wind 

in  erg  v  (  onsumpt  ion 

Using  the  assumptions  of  the  fc.TW  technical  group, 
ed  at  70,000  metric  tonnes,  subdivided  as  follows: 

Consumption  tor  ‘>00  rotations  (considering  that  a 
15  sec,  and  h0  3e<  for  pressure  measurements) 

50  0  repressuriz.it  ions  md  tan  starts 

conditionings 

mi  sr  e  1 1  aneous 


performance  automation.  it  is  still  desirable  to 
at  io  ot  rotation  time  to  occupancy  time  is  less 
tunnel  tends  to  become  a  lorig-blowdown  tunnel. 

the  annual  consumption  ot  liquid  nitrogen  is  evaluat- 

single  polar  graph  ot  force  measurements  requires 

2w  1)00  r 

7.000  t 

12.000  t 

2,000  i  . 


Ihe  i.ondlr  innings  Include  liquid  nitrogen  expenditures  from  heat  losses,  drainings  and  cooling  opera¬ 
tions  t n i  certain  wind  tunnel  elements.  f rt  particular,  the  share  ot  conditioning  in  the  total  cost 
includes  15  coolings  ot  the  entire  circuit  from  2‘M  .  5  to  120  K.  each  requiring  b20  t.  and  20  carl  coolings 
from  2*M.5  to  120  K,  consuming  )0  t  per  cooling. 

I  nder  the  same  renditions,  the  tan  power  consumption  is  i4t)()  MVIh .  Ihe  Technical  Group  equates  1  t  of 
liquid  nitrogen  with  0.9  MWh.  The  70,000  t  thus  corresponds  to  M.OUO  MWh  of  electrical  power  consumed  bv 
rhe  nitrogen  plant.  The  share  of  the  tan  is  almost  marginal. 

ftemnrlks  on  the  energy  /  h.ir.tvtrrist tes  ot  liquid  nitrogen  and  on  r he  different  types  ot  kind  tunnel 

The  < doling  rapacity  of  liquid  nitrogen  as  a  function  of  the  temperature  is  given  in  figure  9.  At  a 
pressure  of  one  bar.  the  nitrogen  will  have  absorbed  4  J4  kJ/kg  going  from  the  liquid  state  to  the  .viscous 
state  at  100  K.  At  1 2u  K.  the  figure  is  245  kJ/kg.  and  200  kJ/kg  to  go  to  7/  2  (latent  heat  ot  the 
v apor i /at  ion ) . 

The  L'Air  Liquide  company  estimates  that  0.72  kWh  are  needed  to  manufacture  1  kg  of  liquid  nitrogen,  or 
2»>  .000  kJ/kg.  I  kg  >>f  gaseous  nitrogen  at  K.K)  K  from  the  plant  circuit  costs  8b0  kJ ,  while  it  would  rest: 
1.0)4  k.)  to  derive  fr  from  liquid  nitrogen. 

lheae  figures  merit  attention.  As  George  Claude  pointed  out.  "thus  what  is  remarkable  in  liquid  air  is 
not  at  all  the  “quantity"  of  cold  involved,  but  the  “qua  1 1 1  v"  of  this  cold,  i.e.  the  ext  i  aordinari  Iv  low 
temperature  it  makes  possible.  However,  bv  its  verv  quality,  this  cold,  stored  in  the  liquid  air.  is 
obtained  at  high  cost”  I  10,  p.  211 t. 

These  energv  characteristics,  and  the  large  share  of  the  nitrogen  in  the  total  cost  of  use,  incite  us 
to  i  ompare  the  consumption  of  nitrogen  tor  various  types  of  wind  tunnel.  in  the  Agard  lecture  series  no. 
Ill  of  Mav.  1980,  R.  Michel  presented  the  variation  ot  the  mass  flow  rate  of  liquid  nitrogen  with  respect 
m  the  mass  flow  rate  in  the  wind  tunnel  test  section,  as  a  function  of  t fie  stagnation  temperature  in 
h/ovdown.  induction-driven  and  fan-driven  wind  tunnels  (Mg.  10)  Mil- 


th,-  *  *  i  t  ■  • «  i  is  i  "wii'Viti  w  i  no  i  umi"  l  ,  v,*'  ■  .hi  s  i  mp  i  v  s.»v  i  n.n  i  no  t  low  through  tno  lest  section  t*v  is 
!  Ill*1  sum  i » t  tin-  blowdown  u  f  <>i  mitogen  t  Lnw  (Jjf  plus  the  injected  flow  of  liquid  nitrogen 
it  the  fluid  (Jk  should  be  hruughl  to  us  t  emporat  ui n  .it  origin  /  ^  to  /;.  to  do  this,  it  must  bi¬ 
ll  v  t  hi-  1  |  qu  t  <i  lilt  logon  t  low  ). 

•;  pii*du**-s  tin.-  <  i?  l.i  t  ion: 
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t.rtgen  as  a  f'in-tion  of  tunnel  stagnation 
“mpor a*  ur*  for  various  values  of  tunnel 
stagnation  pressure. 


Fig.  10  -  Liquid  nitrogen 
•onsumpt  ion  of  various  wind 
tunnels. 


s  t\p».  .  v  t  hmti'-l  i  nr.pt  red  a  sprl»*s  <’t  v«»rv  interesting  studies  by  .1.1).  (faldwell.  ,1.1.1..  Aldrich  and 

iin  h»i  nt  t  h**  <*»»/>»/.#>•  » umpany:  however,  the  Uonti!  ts  tour-toof  t.WT  wind  funnel  is  now  abandoned.  It 

tfi  it  this  tip**  of  direct  blowdown  funnel  is  justified  onlv  for  small  sections. 

i  •;  ot  ififi’i.'si  !  .*  make  t  deeper  comparison  be  f  ween  the  t  vpe  T  2  injection  wind  tunnel  and  the  NTF  or 
pe  of  f  ui  wind  t  urme  I  .  |  he  •  onsumpt  Ion  is  plotted  in  figure  10,  assuming  a  wind  tunnel  load  loss 

-  !o:  .  for  this  fuller  r  omp.i  r  l  son .  the  rates  of  flow  are  taken  with  respect  to  the  flow  (>o  in  the 

e.  t  jen  at  t  empei  it  ute  instead  ot  <vi\  Keeping  the  Mach  number  and  stagnation  pressure  the  same. 

.f/fih.  Ibis  w.»v  of  representing  the  flows  shows  the  absolute  value  vaiiation  of  (he 
I  e  better,  .is  it  is  taken  with  respect  to  a  constant  (  Ket  .  Mg.  10).  The  tan  power  is  taken  with 
t  to  .Vo.  Mg.  II  shows  the  variaton  of  k  Z  (Jo  and  (J\j!  (,*o  for  vaiious  values  ot  the  temperature  /'/  and 
n  lompression  ratio  w. 

char-e  ter  i  st  i  c  s  of  the  12  wind  tunnel  were  used  to  represent  the  i  nduct  i  on-dri  v(?n  tunnel.  These 
drive  flow  Mar h  number  Y/  *  l.b,  driven  flow  Mach  number  in  the  straight  section  betore  the  injector 
.b.  ratio  of  the  mixing  section  to  the  injection  section  X  »  20.  The  flow  rates  (tyjf  (Jo  and  ty.V  <*», 

(t(:  is  the  injected  gas  flow  rate  lair  or  nitrogen),  that  depend  on  Ti  and  Z>  (Mg.  12). 

s i Her i ng  the  curves  corresponding  to  w  *  1.09  for  the  induct i on-dr i von  wind  tunnel  (Ti.  at  ,Y  * 
nd  w  »  1.14  for  the  tan  wind  tunnel  (NTF,  at  .Y  ■  0.9).  it  appears  that: 


rat 


t  liquid  nitrogen  flow  is  nearly  independent  of  the  temperature  tor  the  fan  tunnel.  The 


i  n«i»‘  i  iun-di  iveii  wind  tunnel  re'iu  i  r»*s  less  1  low  jt  high  t  empei  alur  t- .  hut  some  ltu«*f  t  in;**a  murt*  jt  low 
t  empfi -it  m  ,  th  in  *  h*-  tan  t uiini' I . 
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Fig.  11  -  Fan  power  and  liquid  nitrogen 
FAN  rp  =  0  85  consumption  for  a  wind  cunnel  driven  by 
n  '  fan . 


Fig.  12  -  Nitrogen  consumption  for 
an  air  driven  wind  tunnel. 
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-  it  the  indu«  t  l  on-dr  ivcn  tunnel  us*’  pure  nitrogen,  some  six  times  more  nitrogen  is  needed  than  in  tho 
tan  tunnel:  but  the  in  jet  led  gas  is  practically  independent  of  the  temperature. 


Ihe  above  considerations  applv  once  the  wind  tunnel  is  operating  in  steady  state.  in  tact,  to  make  a 
good  (omparison.  we  would  have  to  use  the  annual  consumption,  which  is  the  prodin  t  ot  an  instantaneous 
tale  ot  consumption  over  an  interval  of  operation.  Ihose  intervals  are  not  necessarily  the  same  tor  one 
or  another  alternative.  ihev  depend  on  the  test  spectrum  and  on  the  proportion  between  the  useful 
operating  rime,  when  measurements  are  being  taken,  and  the  operating  time  wasted  on  test  condition 
' hanges .  In  this  respect,  the  induction-driven  wind  tunnel  is  certainly  more  versatile  than  the  tan 
tunnel.  If  19  also  important  to  consider  the  consumption  of  nitrogen  in  the  transient  states,  i.e.  when 
the  test  conditions  are  changed,  as  these  are  affected  bv  the  thermal  insulation  conditions.  Ihe  induction- 
driven  wind  runnel  with  nearly  total  insulation  and  short  blowdowns  minimizes  the  losses.  The  following 
sec  r  mns  will  attempt  to  answer  these  questions- 


Nomarks  on  r he  rost  ot  energy 

H"wevei  ,  before  closing  thia  section,  a  tew  thoughts  on  the  cost  ot  energy  seem  to  be  in  order. 

t..u  h  viv-ir  .  the  I'm  on  International  ties  Product eurs  d'blectricite  t  "UNI  kh.UK"  )  draws  up  a  comparison  ot 
e  1  «*■  t  r  l  <  power  costs  in  various  countries.  industrial  consumers  are  classed  in  families  bv  type  (  A,  P. 
ft.  defined  bv  the  power  of  the  mst  a  l  lat  ion  and  the  annual  consumption.  Fig.  13  shows  this 

domain  ot  industrial  uses  ot  electricity,  plotting  the  tigures  for  ONLRA's  FI,  Si  and  S2  wind  tunnels,  the 
F IW  nitrogen  plant  <LN2)  and  the  F.TW  tan. 

For  the  hydraulic  turbine-driven  Si  and  S2  tunnels  the  power  consumption  was  converted  into  equivalent 
me  gawa 1 1  - hovi  r  s  . 

Though  the  nitrogen  plant  corresponds  to  industrial-type  consumption  the  wind  tunnels  are  characterized 
hv  their  high  power  but  relatively  low  power  consumption  due  to  their  transient  operation. 

Fig.  14  compares  the  costs  of  electrical  power  (VAT  not  included)  on  January  I,  l‘h$4,  for  the  /  At  PI  Ot 
families.  Ihe  jags  in  the  curves  are  due  to  the  differences  between  the  fixed  and  proportional  parts, 
whit h  depend  on  the  familv.  The  cost  figures  given  are  tor  an  LTW  contract  in  France  including  the  tan  ♦ 
site  base  load  ♦  LN2.  the  fan  ♦  site  base  load,  and  for  the  "nver-the-tence”  nitrogen  production  plant 
located  next  to  the  wind  tunnef. 

It  should  be  noted  that  these  costs  are  based  on  official  non-negnt i at ed  L tot  t t  ic i te  dc  Prance  prices. 
The  vertical  lines  ind irate  the  range  of  possible  contracts,  depending  on  the  client's  constraints  (peak 
hours,  withdrawal,  etc.).  For  the  nitrogen  plant,  onlv  the  optimal  alternative  is  indicated. 


lhes>>  <osts  coni  i  rm  that  the  wind  tunnel  is  not  3  typical  ■  uiisuinci  but  ultioficti  jitudii'l  ton  is  f  he 
•ltitni Hint  ••Jumont  in  t  ho  tni.il  <  ost  and  <  uul>l  supplied  ai  .1  wit*  h  rate. 
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Fig.  13  -  Industrial  supply  of  electricity 
and  specific  aspect  of  wind  tunnel  supply. 
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Fig.  14  -  Electric  energy  cost 
comparison . 


on  this  point,  bv  examining  the  cost  ot  liquid  nitrogen  under  various  conditions  of  sate,  it  can  be 
shown  how  seriously  this  point  needs  to  be  discussed.  At  the  end  ot  )l>#4,  the  retail  price  *  V  A I  not 
included!  tor  liquid  nitrogen  in  France  was  2  JUO  F/t  in  bOu-1  iter  units,  while  it  was  1440  F/t  in  30<»- 
liter  units  and  1140  F/t  tor  the  CF.KT  12  tunnel.  We  saw  above  that  the  1980  price  tor  the  hit  supply  was 
announced  $70  per  ton  (1  ton  »  0.972  tonne),  which  currently  corresponds  to  a  price  of  a  7*>0  t/t. 

Nitrogen  delivered  bv  truck  in  West  Germany  is  apparently  bought  at  151)  UM/t,  or  4  58  t/t. 

In  trance,  the  cost  of  nitrogen,  without  counting  the  amortization,  would  be  211  F/t  tor  a  nitrogen 
plant  that  is  part  of  the  wind  tunnel,  and  178  F/t  tor  an  over-t he~fonce  supply  from  a  private  manu¬ 
facturer.  These  prices  assume  that  lOOi  ot  the  nominal  production  is  consumed.  At  5</ ,  the  costs  are  28/ 
F/t  md  22b  F/t,  respectively,  and  at  25*  they  are  45 2  F/t  and  HO  F/t. 

4.3  -  Jest  spectrum 

We  mentioned  above  that  the  test  spectrum  is  m  essential  element  in  wind  tunnel  design  and  versatili¬ 
ty,  and  must  also  be  known  it  we  want  to  determine  the  cost  ot  operation,  as  the  cost  is  stronglv  affected 
bv  the  configuration  changes  and  the  resulting  transient  consumption  of  liquid  nitrogen.  However,  the  term 
test  spectrum  is  not  vet  clearly  defined,  and  can  in  tact  be  given  several  definitions. 

Firstly,  we  can  attempt  to  break  down  the  <  .V,  Jt)  field  into  areas,  and  assign  operating  times  to  these 
different  areas  based  on  users'  statements  concerning  the  frequency  of  tests  at  low  or  high  Mach  numbers 
and  high  or  low  Reynolds  number.  Fig.  15  shows  one  breakdown  ot  this  type  from  the  ETW  study  phase,  jn 

its  tirst  l.b5  m  ■  |.95  m  version.  This  figure  is  given  onlv  as  an  example  and  the  reader  is  asked  not  to 

attach  any  absolute  value  to  the  percentages  but  simply  to  observe  the  clear  trend  when  the  high  per¬ 
centage  ot  cold  tests  is  high. 

It  is  rather  difficult  to  extract  anv  definite  information  from  figure  15,  where  the  two  parameters  pi 
and  /'j  operate  simultaneously.  The  wav  the  wind  tunnel  performance  is  presented  in  figure  lb  makes  if 
easier  to  see  the  effect  ot  the  three  parameters  ft.  pi  and  77  simultaneously  on  the  variations  ot  the 

dynamic  presssure  g  and  on  the  Reynolds  number.  The  limit  at  the  left  of  figure  lb  is  the  saturation  at  a 

point  in  the  flow  where  ft  *  1.7.  However,  the  ETW  project  is  designed  tor  Ti  i  90  K- 
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Fig.  15  -  Operating  envelope  with  test  time 
distribution . 
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Fig.  16  -  Operating  envelope  sheeting  pi ,  Ti ,  g  and 
Re/Pi.l. 
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The  test  time  probability  dist  i  ihut  ions  tor  the  fcTW  have  been  plotted  as  a  (unction  of  three  parameters 
pi  .and  li,  based  on  a  sutvev  of  future  FIW  users  jiJ  and  i  <  |  ■  The  users  were  asked  to  project  the 
tests  needed  for  the  next  IS  wars  taking  into  irrount  the  piartt<al  constraints  concerning  the  model 
(temperature  equilibrium  and  deformations),  the  wind  tunnel  t thermal  fatigue  ot  the  structure)  and  also 
the  power  consumption  and  occupancy  rime.  1  he  survey  data  show  the  following  percentage  breakdown  ot  the 
test  time  as  a  function  of  the  temperature  conditions: 

atmospheric  temperature  (>  2 70  K>  b.5'. 

•  constant  low  temperature  <  »'  1**0  70- 

•  constant  inteimedi  tt»*  temperature  1 4 .  V- 


temperature  vati-iMon  luring  »in»*  rot  it  ion 


lie.  17  shows  the  stagnation  temperature  tnd  stagnation  pressure  distributions  and  figure  18  shows  the 
Mach  number  distribution  in  gieit*T  detail. 
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Fig.  17  -  E.T.W. ,  pressure  ?0r  *>< 
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Fig.  18  -  E.T.W. ,  detailed  Mach  ?  i  ]  1  ]  M  ?  J  ?  ^  ^  * 

number  distribution.  °  °  °  "  ■=  c 

Those  hist rograms  show  a  large  demand  in  the  O.b  <  M  <  1.00  domain,  especially  in  the  low  temperatures 
and  moderate  pressures  (some  40^  from  1.25  to  2  bar  and  25".  from  2  to  3  bar). 

However,  in  addition  to  these  overall  observations  (Figs.  8.  IS,  17  and  18),  a  closer  and  more  realis¬ 
tic  look  must  be  taken  at  the  typical  test  programs  (boxes  numbered  1,2,  3,  etc..  In  figure  8>  and  the 
sequence  during  each  rotation  in  the  program.  This  constitutes  a  real  test  spectrum.  Figures  19  and  20 
give  a  picture  of  one  run  at  a  constant  temperature  and  another  with  the  temperature  varying. 


All  of  these  transient  states,  as  well  as  the  pre-sequence  and  post-sequence  coolings  and  warmings,  and 
the  w-umings  and  coolings  between  rotations,  must  be  compatible  with  the  strength  of  the  structure.  They 
also  afte.r  the  consumption  of  nitrogen. 

Mu* h  more  than  for  a  conventional  wind  tunnel,  the  optimal  program  analysis  is  needed  In  the  opera¬ 
tional  phase  and  Is  Indispensable  in  the  design  phase,  to  make  sure  the  expected  installation  capacities 
are  compatible  with  the  users’  demands. 

A  civilian  aircraft  program  producing  2000  polar  graphs.  Including  1 bOO  force  measurements  and  400 
pressure  measurements,  comprises  1  f>  test  programs  on  a  full  model  and  seven  with  a  half-model,  or  an 
average  ot  some  B5  polar  graphs  per  test  program.  In  each  test  program,  we  find  some  ten  Reynolds  number 
changes.  There  are  three  to  six  operations  on  the  model  for  100  polar  graphs. 


A  military  aircraft  program  producing  2000  polar  graphs  includes  27  test  programs,  each  generating  b0 
to  100  polar  graphs,  but  with  129  Interventions  on  the  modeL,  or  an  average  of  15  polar  graphs  between 
each  intervention  and  74  polars  per  te9t  program. 

A  military  aircraft  requires  a  greater  number  of  interventions,  and  Lt  seems  unlikely  that  the  model 
can  be  motorized.  It  is  verv  important  to  know  if,  for  a  given  mechanical  configuration,  it  is  desirable 
to  varv  the  wind  tunnel  conditions  or  if  frequent  assemblies  and  disassemblies  are  permlssable  to  adapt 
rhe  configuration  to  the  wind  tunnel  state  (temperature  level). 
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Fig .  19  -  Sample  of  run  with  constant 
temperature. 
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Fig.  20  *-  Sample  of  run  with 
temperature  changes. 


4 . 4  -  thermal  insular  ion 

NASA’s  0.  3  m  TCT  continuous  wind  tunnel  at  Langlov  uses  external  insulation.  The  entire  light  metal 
structure  undergoes  the  temperature  variations  /9  and  14/. 

The  ETW  wind  tunneL  project  with  its  2  m  •  2.4  m  test  section  uses  the  principle  of  the  coldbox  that 
envelopes  the  entire  circuit,  providing  external  insulation.  The  entire  steel  structure  undergoes 
temperature  variations  |13|. 

The  KKK  subsonic  wind  tunnel  with  its  2.4  m  •  2.4  m  test  section  and  concrete  structure,  has  internal 
insu) at ion  | 1  > ) . 


NASA's  NTF  wind  tunnel  at  Langley,  with  a  2.5  m  »  2.5  m  test  section,  is  insulated  internally  | 7.  8,  9, 
lb  to  2i|.  The  internal  insulation,  on  the  structure  that  withstands  the  tunnel  pressure  effects.  Is 
thick  enough  that  the  effects  of  the  temperature  variations  on  the  structure  can  be  neglected.  On  the 
other  hand,  the  internal  structures  are  not  insulated  (fig.  21). 


Fig.  21  -  National  transonic  facility 
insulation . 


ON ERA' s  induction-driven  T2  wind  tunnel,  with  its  0.4  m  •  0.4  m  test  section,  has  internal  insulation, 
except  for  the  honeycomb  and  the  screens.  All  of  the  infernal  elements,  and  the  shell  that  contains  the 
pressure,  are  insulated  (24|. 


This  internal  insulation  is  thus  almost  total.  Although  the  insulation  is  thin,  a  relatively  short 
blowdown  time  (some  bO  sec.)  means  the  structure  is  practically  unaffected  bv  the  temperature  variations. 
This  design  makes  tor  great  versatility  as  concerns  pressure  and  temperature  changes. 

The  research  currently  conducted  at  the  T2  calls  tor  five  to  ten  cryogenic  blowdowns  per  dav. 

The  liquid  nitrogen  consumed  in  stabilized  regime,  without  heat  losses  (Figs.  11  and  12),  can  only  he 
reduced  hy  reducing  the  test  time. 

The  conduction  losses  through  the  walls  in  steady  regime  are  small,  as  figure  22  shows  for  the  (>.$-« 
TIT  tunnel  J 14) . 


SI  * 


With  an  inaulatoi  hiving  a  conductivity  A  =  0.033 
•‘nergv  lo$t  bv  conductivity  and  the  energy  required  i 


Fig.  22  -  Ratio  (in  percent  I  of  heat 
input  from  conduction  to  heat  input 
from  the  tunnel  drive  fan  versus 
insulation  thickness . 


mK  and  a  thickness  0.08  m,  the  ratio  between  the 
compensate  the  heat  added  by  the  fan  is  onlv  l . H . 


rho  largest  l*>sao3  «  ome  trow  the  transient  states:  cooling  and  heating  the  uninsulated  elements  Inside 
the  wind  tunnel,  cooling  and  warming  the  structural  envelope  ot  the  tunnel,  it  the  insulation  is  external. 
These  transient  states  directly  affect  the  structural  fatigue,  which  tend  to  limit  the  temperature 
variation  speeds. 

In  the  case  ot  the  NTK  (22|,  to  avoid  excessive  stressing  of  the  internal  structure,  the  full  cooling 
cycle  is  slow.  .Some  five  hours  are  needed  for  the  structure  to  reach  temperature  cquilihriur:  .  This 
corresponds  to  a  variation  rate  of  0.7b  K/min  l 18  and  19 |. 


figure  23  shows  an  eight-hour  cooLing/waraing  cycle  and  the  temperature  variations  of  the  fluid  as  well 
as  of  the  interna)  and  external  faces  of  an  element  inside  the  tunnel  (18|. 


Figure  24  shows  a  full  cooling,  during  which  the  flow  temperature  is  lowered  beyond  the  desired 
equilibrium  point,  to  reduce  the  time  needed  to  reach  equilibrium.  The  temperature  is  then  al lou  d  to 
vii v  ►  48  K  It  Ub  K),  the  maximum  step  to  avoid  structural  limitations  I  21).  This  48  k  temperature 
variation  seems  to  require  100  sec,  according  to  (22|. 
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Fig.  23  -  Typical  operating 
temperature  profile. 


Fig.  24  -  RTF  model  system  cooldown - 
test  section  conditions. 


On  the  basis  of  the  initial  ETW  plan  and  elements  already  supplied  in  documents  (2b,  2b  and  27 |,  a  few 
indirat ions  will  be  given  on  the  time  constants,  the  overall  behavior  in  various  insulation  conditions  and 
the  comparison  ot  energies  transferred  from  the  fluid  to  the  wind  tunnel  waits.  A  new  element  will  be 
t'K-minf/i  concerning  the  behavior  of  a  stingholder  and  of  a  cart. 


fime  •  onstants 


•sing  the  basic  principle  of  the  initial  ETW  design  with  the  l.bSm  ■  1.9b  ra  test  section,  we  attempt¬ 
ed  to  examine  the  normal  behavior  ot  a  wind  tunnel,  i.e.,  the  temperature  variation  field  of  the  wind 
tunnel  elements  when  the  fluid  temperature  varies.  These  wind  tunnel  elements  can  be  grouped  into  three 
categories:  (  /)  those  completely  immersed  in  the  fluid,  such  as  the  honeycomb,  meshing  and  corner  vanes 

<  iif  the  walls  exposed  to  the  flow  on  one  side  only,  and  (iff)  the  other  elements  that  are  subjected  to 
the  fluid  tempet atur*  changes  indirectly  (Fig.  2b). 


The  thermal  behavior  of  these  elements  as  the  fluid  temperature  varies  STjr  at  time  t  •  0  can  be 
expressed  as  a  sum  of  exponentials: 


AT 


F 


where  CTi  are  the  time  constants. 


f  . 
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It  we  do  not  need  an  exact  description  <'t  the  response  .it  t  h«-  v«*i\  beginning  ot  l  h»*  step,  the  dominant 
time  .  onst-int  is  sufficient  to  describe  the  element  t  etupe  rat  utr  variation.  which  la  practically  complete* 
i  t*»i  w*»:  i  it  the-  end  ot  an  interval  that  is  equal  to  three  t  imes  this  t  me  constant. 

r<»i  rllt  .  end  i  r  i  nns  pt  »  ■*.->  bar.  /t  *  i  bH  k.  Y  »  (>.**.  and  tii<?  known  dimensional  characteristics  ot  the* 
t.  (h  iff  )>:>  initial  version.  figure  .'i  indicates  the  values  toi  (V  and  gives  a  picture  ol  the  temperature 
variiti.ms.  1  he  wide  diversity  in  the  time  constants  attracts  our  attention  to  the  precaution  to  be  taken 
t-  iv  old  thermal  si  losses  I-/ 


i  *  HKI  1000  *  10000 

1  imniita  i  hour 

-  Response  )f  the  various  wind 
laments  to  a  temperature  step  in 
the  flow. 


conditions:  liquid  nitrogen  flow: 

50  kg/s:  fluid  heat  capacity:  5  HJ/K: 
heat  storage  capacity  of  the  internal 
element:  21  HJ/K:  time  constant  for 
these  elements:  30s:  wall  heat  storage 
capacity:  40  MJ/K:  time  constant  of 
these  elements:  80  s. 


OYr'f.i  l  i  i  /•>/ 


\  v e r v  much  simplified  model  ot  the  wind  runnel  can  be  constructed  to  estimate  the  variations  ot  the 
r emper at ut es  T c  lot  the  fluid,  considered  to  be  unitorm),  Tj  1  internal  elements)  and  Tp  (walls),  with  the 
whole  svstem  vilnt!;  insulated  from  the  outside  and  the  fluid  mass  constant.  The  conditions  tor  the 
•  .1  lc  m  at  ions  are  indicated  in  the  title  ot  tig.  2b.  The  curve  on  the  Lett  shows  the  variation  of  lg  for  a 
wind  runnel  with  perfect  internal  insulation  and  no  internal  elements.  The  two  curves  in  the  middle  show 
the  v.ii  idt  ion  ot  the  ! g  and  Tj  with  a  perfect  Internal  insulation,  and  the  last  three  curves  show  the 
viri'ir  ton  ot  / g.  I ,  and  Tp  when  there  is  no  internal  insulation. 

for  all  practical  purposes,  the  first  hypothesis  corresponds  to  the  T2  tunnel,  in  which  all  ot  the 
elements  are  insulated  from  the  flow  except  for  the  settling  chamber  screen. 


In  the  second  hypothesis,  corresponding  to  the  NTF,  the  rate  of  temperature  variation  is  slowed  down 
because  the  heat  capacity  ot  the  elements  in  the  flow  is  several  times  higher  than  that  of  the  gas.  We 
conclude  that  the  heat  rapacity  ot  the  internal  elements  needs  to  be  reduced,  by  reducing  the  mass  and  bv 
i  proper  selection  ot  the  materials  used  in  constructing  them  (Fig.  27).  A  calculation  using  the 
characteristics  ot  an  actual  insulator  shows  that  the  temperature  changes  of  the  fluid  and  of  the  interna! 
elements  are  practically  the  same  as  with  a  perfect  insulator.  In  fact,  the  surface  temperature  of  the 
in*uj.)t nr  rapidly  rearhes  a  value  close  to  that  >>t  the  fluid,  and  the  fluxes  at  the  wall  are  very  small 
with  respect  to  the  internal  elements. 
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Fig.  27  -  Heat  storage  capacity  of 
various  materials. 


Fig .  28  -  Energy  transferred  from  the 
fluid  to  the  wall  when  the  flow 
temperature  is  stepped  &Ti(h2»0). 
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In  the  thiid  hypothesis,  t  h»*  tluiil  temperature  vat  i  at  ion  is  further  slowed  down  h<?<  a  use  ut  the  en«:-ti»v 
thsoib»»d  hv  cooiinv  the  metal  walls  ot  the  wind  runnel. 

the  fluid  temperature  variation  is  the  same  in  all  three  casus  at  the  start  ot  pooling  (tm  i  low  .W17J . 
i.t'.,  before  the  fluxes  appear  in  the  metal  wall.  When  these  fluxes  become  large,  the  fluid  temperature 
variation  slows  down. 


I  r.ms  1  Energy 


Ihe  presence  ot  an  insulating  wall  on  the  fluid  aide  attenuates  the  temperature  variations  of  the  metal 
with  respect  to  that  ot  the  tluid.  This  attenuation  depends  on  the  thickness  ot  the  insulator  and  also  on 
the  tranter  conditions  on  the  metal  side.  Let  us  consider  an  insulated  metal  wall  on  the  fluid  side,  to 
which  the  tluid  applies  a  high  transfer  (high  Aj  ) ,  i.e..  the  insulator  surtare  is  roughly  at  the  same 
temperature  7’j  as  the  tluid  (tigs.  28  and  29).  We  tan  assume  the  transfer  coefficent  7n  is  finite  or  null 
on  the  other  face.  The  tirst  case  corresponds  to  a  transfer  with  the  outer  medium  while  the  set ond 
represents  perfect  insuLation,  or  a  plate  with  insulation  on  both  sides,  for  which  the  flux  at  midt hick¬ 
ness  is  zero.  We  will  also  assume  that  the  temperature  IB  is  uniform  through  the  plate  thickness. 

The  quantities  of  energy  transterred  can  be  calculated  from  the  transfer  functions  given  in  1271. 

Figures  28  and  29  show  how  these  quantities  varv  with  time,  using  values  corresponding  to  an  establish¬ 
ed  steady  regime,  when  the  tluid  temperature  is  stepped  &7\.  The  energy  is  expressed  in 
i.e.  tor  a  unit  wall  surface  and  a  step  ot  l  K. 


For  a  short  time  interval,  each  system  ot  curves  is  asymptotic  with  the  line  ot  energy  transferred  tor 
an  intinite  thickness  ot  insulator  (energy  proport ional  to  *t ,  thus  having  a  slope  )/2  in  logarithmic 
coordinates).  For  a  long  interval,  in  the  case  where  7i>  *  0,  the  curve  tends  toward  an  asymptotic  value 
corresponding  to  a  1  K  reheating  of  the  entire  metal  wall  ( el  *  0/,  or  ot  the  whole  metal  wall  plus  the 
insulating  wall.  In  the  case  where  7/2  is  not  zero,  the  asymptote  ot  the  curves  is  the  steady  state  line 
(energy  proportional  to  t,  thus  having  slope  1  In  logarithmic  coordinates). 


We  note  that  a  2  SO  mm  thickness  of  foam  doubles  the  heat  capacity  of  the  10  ram  steel  plate.  With  a  21* 
mm  thickness  of  foam,  the  energy  transterred  in  one  hour  is  ten  times  less  than  the  cooling  energy  needed 
to  cool  the  steel.  After  eight  hours,  the  ratio  is  two  (Fig.  28). 


Fig.  29  -  Energy  transferred  from  the  fluid  to 
the  wall  when  the  flow  temperature  is  stepped 
hTl(h2)=10W/mlK). 


Fig.  30  -  Comparison  of  energy  transferred 
after  a  temperature  step  of  the  fluid 
when  the  sinsulator  is  internal  or  external. 


Finally,  the  behavior  ot  a  steel  wall  on  the  flow  side,  with  insulation  outside,  can  be  determined, 
(sing  the  same  hypothesis  as  above,  this  wall  is  instantaneously  at  the  flow  temperature.  In  reality, 
this  is  true  only  after  a  few  minutes.  Fig.  TO  gives  the  transferred  energy  curves  and  compares  them  with 
(hose  of  figure  29.  For  t  near  zero,  the  curves  tend  toward  the  cooling  energy  of  the  metal,  and  as  t 
tends  toward  "infinity'',  thev  are  asymptotic  with  the  curves  in  the  previous  case  (slope  1).  Lines  of 
slope  1/2  are  drawn  on  figure  30  to  show  n  multiples  of  the  minimum  energy,  which  is  what  is  transferred 
for  the  case  of  an  insulator  of  infinite  thickness. 

It  appears  that  tor  very  long  intervals,  i.e.  when  the  wind  tunnel  temperature  reduction  is  infrequent, 
the  energies  transferred  tend  toward  very  similar  values  whether  the  Insulation  is  internal  or  external, 

33  the  energy  variation  of  the  metal  becomes  small  with  respect  to  the  total  energy  transfer.  But  for 
short  intervals  or  frequent  variations,  an  internal  insulator  is  a  verv  favorable  eLement  in  the  heat 
balance. 

The  alternative  chosen  essentially  depends  on  the  wind  tunnel  utilization:  whether  great  versatility 
is  needed  for  state  variations  or  if  infrequent  variations  are  permissible.  This  can  be  evaluated  by  the 
"time  scale",  i.e..  the  duration  of  the  operations  requested  and  their  sequence  order,  the  duration  of 
each  test,  the  temperature  variations  during  the  test  and  between  two  teats,  and  the  speed  with  which  the 
change  must  be  made  from  "cold"  to  "warm".  Here  we  can  see  the  "test  spectrum"  idea. 
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Ihe  model  must,  >»t  i  nurse,  In?  *oi»leiJ  and  reheated  C  see  section  4,6).  bur  what  about  the  ;;t  i  ng  hn  ld»*r  and 
(he  eart-’  It  th»*v  Ar»*  not  insulated,  their  temperature  will  tollow  the  temperature  nt  t  he  wind  t  untie ) 
and.  when  any  work  is  to  he  done  on  the  model,  they  will  have  to  be  kept  rold  s  i  in  <■  fist  watming  would 
<  i  eat  e  thermal  stresses.  it  in  operation  is  to  be  carried  »>ut  on  one  ot  these  ple«  **s  ot  r>qiM(mr<nt  , 
sufficient  waiting  time  is  needed.  To  give  an  idea.  cooling  the*  part  ot  the  stingholdet  l.nat.-d  in  'he 
test  s**i  t  ion  t  l  tonnes  1  from  300  to  1  *»0  K  r**qu  i  i  es  J  9(j  MJ  .  and  cooling  the  cart  sirucinr**  t  ••:-(  im  n  *-d  it  i. f  i 
tonnes  without  t  hi*  lower  wall  ot  the  test  section)  requires  2,5h'J  MJ. 


We  will  now  examine  the  energy  balances  tor  a  stingholder  and  j  earl  th.it  are  insul  »i  «*d  md  *-'piippeii 
with  an  electrical  heating  system  maintaining  t  tie  metal  structures  at  a  const  mi  t  .»»  hi  ••  /t,.  wh<  *  he 

assembly  is  placed  in  a  chamber  at  temperature  T.  different  from  l0,  and  then  returned  m  » h»*  uni  i  i! 

conditions  alter  a  time  t  R.  We  assume  that  those  operations  are,  t  rnm  the  thermal  point  >>f  vj.-w.  ■  •qnivi- 
lent  to  applying  temperature  steps  *  A/\  *  •  |  T  -  1 0\  to  the  insul  not  ,  with  a  trunstoi  ■  ■  > .  - 1 1  i  !*-n«  /■ 
between  the  fluid  and  the  surface.  Tig-  31  shows  the  unit  flux  variitions  (p*i  unit  r.m  I  ».  ••  <  r  *  *  <  «>.  I  p*  i 
degree  of  difference!  $«<  ()  on  the  fluid  side  ot  the  insulator,  and  $  t)  on  i  h**  st  ru.  tnn-  id--.  In  it. 

first  approximation,  and  tor  sufficiently  large  r.  and  0//<M  are  exponent  t  *  I  s ,  «»»,*•  »••»  im* 

other  increasing,  with  time  constant  and  hiving  the  same  limit  value*  o*,.  betting  .<  h»-  t  to-  h  tc  i  i  *.  s  i 
of  the  insulator,  e>  its  thickness.  3  »  k/o  <’  the  dittusivjtv,  t  h**  values  tor  fd>  uu|  c»od  m*  gi\**t»  m  t;vn. 
31  along  with  the  maximum  electric  power  PB  to  be  supplied  ami  the  cot  responding  en**ig\  w>-  wi|i  n  *  *• 

that  the  heating  inside  must  be  maintained  longer  than  t  vhi<  h  is  the  p-ismi  tor  integi  n  iin>  » •*  ini  imp 

We  show  that  (fg  *  .VA  7’i  0®  regardless  of  t  R. 


{”VtMt=VRB.B=V«  {>A»W'=».'r*A 

q8=s  mi  Vft=pB  *R 

(lA»S'0)|'*AlHdWS.*T,l*.tR.AI 

aC=SAT,|%Altldt 


Fig.  31  -  Study  of  insulate!  and  heated  pieres. 


The  power  to  be  supplied,  in  the  form  of  liquid  nitrogen,  to  keep  the  <  hamb**i  it  t  **mp*  ratute  /.  i*  c  t-f . 
The  steady  state  is  approximately  achieved  foe  t R  >  3r^  (see  fig.  31  >. 

When  the  assembly  Is  returned  to  temperature  T0,  must  be  supplied.  ih**  atmosphere  .  «n  do  this  tor 
free,  of  course,  unless  there  is  some  reason  for  requiring  lorced  convection. 

On  the  stingholder  sector  with  its  4.8  surface  area,  onlv  a  thin  insulator  -  ah  he  used.  ** •  c  o.'M  m 

thick.  We  assume  the  conditions  k  ■  0.12  W/m-K,  pc*  1.4  A  ■  l  '>00  W/m~k,  \/\  •  1  *o  h.  W.  i  h**n 

have  •  1167  sec.  (20  min.).  This  means  that  the  structure  will  not  he  affected  bv  the  t  emp*-r  at  u?  ••  tor 
some  1.2  minutes,  and  that  the  steady  regime  will  be  rea  hed  ten  minutes  after  the  'hang**  I  h*>  mixunnm 
electric  power  will  be  Pg  •  8.5  KW  and  the  energies  QA  and  QB>  with  tR  expressed  i  r»  minutes,  t  r  ■  ■ ; 

Qb  -  0.  51  tR  (MJ) 

(?A  -  0.51  tk  +  3.  3  (MJ) 

For  a  ten-minute  test,  5.1  MJ  need  to  be  supplied  In  the  form  of  e  let  (  r  i  c  i  t  v ,  and  *-4  Ml  in  the  !*»im 
liquid  nitrogen,  instead  of  190  MJ . 

for  the  cart,  with  its  92  surface  area,  a  thicker  insulator  can  be  used  with  better  «  hai  .«*  »  "t  i  st  i '  s . 

Assuming  a  thickness  ot  0,1  m  and  k  m  0. 01  W/mK,  {m  *  10^  J/m^K,  A  ■  10  W/m-K  md  A/j  •  I1'))  K,  w**  bav,» 

tl  ■  3  3,300  Sec.  <9  hours).  The  structure  will  not  be  touched  tot  35  minutes,  /.*>.  much  mote  than  i  he  ten 

minutes  considered  above.  The  steady  regime  will  be  rea<  hed  onlv  .after  five  houis.  and  the  •■!*•.  tii.  pnwei 
needed  will  he  onlv  (i  kW. 


With  tR  in  hours  we  get: 


qb  -  14.5  r R  <  MJ) 

VA  •  14.5  /  k  ♦  43.3  (  MJ  ) 

The  cart  would  then  have  to  spend  more  than  a  week  in  the  test  section  for  the  heating  system  to  >  *u$e 
an  expenditure  of  nitrogen  greater  than  the  cooling  of  the  structure. 

The  operation  of  the  wind  tunnel  In  relatively  short  blowdowns  (500  rotations  of  ten  to  20  minutes  each 
vear)  means  that  the  carts  are  present  in  the  test  section,  for  tests,  less  than  150  hours  per  ve,*r.  I'nder 
these  conditions,  considering  the  above  examples  and  the  existence  ot  the  carts,  it  seems  desirable  to 


I'ht *  "7f$t  Scrt  n>it  " 


1  h  ►»  NTE  i»'st  si'ri  ion  area  ‘  i  rst  shown  in  figure  2 1  ia  detailed  in  tiguros  )2  and  33 .  The  external 
j-timtuie  «*t  the  >  filter  part  is  li  tied  with  internal  insulation  (Fig.  12).  This  central  part  can  also  he 
isolated  from  I  he  test  ot  the  wind  tunnel  bv  one  door  upstream  and  another  downstream,  which  provides  a 
wav  of  (hanging  the  ptessute  «nd  temperature  conditions  in  the  test  section  without  returning  the  rest  ot 
the  •  1 1  •  uit  to  itmospheru  pressure. 
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PLENUM  ISOLATION  SYSTEM 


\ 
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LATERAL  DOORS 


sq;a’  •*.  <AwVi 
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SECTION  THROUGH  MODEL  PITCH  CENTER 


Fig.  32  -  Test  section  and  plenumum 
isolation  system. 


SIDE  WALLS 


TUBE  INSERTED 


Fig.  33  -  Model  access  system  and 
isometric  view  of  model  access 
system  in  the  inserted  position. 


Affording  to  NASA,  the  doors  pav  for  themselves  in  three  years  bv  the  savings  in  operational  costs. 

This  study  is  based  on  examination  ot  a  realistic  workload  including  an  appropriate  distribution  of  the 
different  types  of  tests  expected  (16|. 

As  figure  if  shows,  there  are  three  entrance  areas: 

1)  to  gain  access  directly  to  the  model 

2)  to  gain  access  to  the  plenum  surrounding  the  test  section,  where  the  stingholder  is  located 
I)  the  remainder  of  t  he  circuit  upstream  and  downstream  ot  the  doo  i . 

Entrance  <  I)  is  needed  tor  wind  funnel  circuit  maintenance,  and  is  unrelated  to  the  test  section  or  to 

the  experimenters'  work.  However,  we  will  note  that  the  upstream  and  downstream  doors  are  in  this  area  and 

that  rhev  must  be  perfectly  reliable  so  as  not  to  affect  the  test  in  progress. 

Enfrince  12>  is  needed  for  changing  the  model  or  tor  working  on  the  model  electrical  nr  pneumatic 

<  •innpil  inns,  which  are  inside  the  rear  part  of  the  stingholder.  The  structure  then  has  to  he  reheated  and 

the  plenum  tilled  with  drv  air.  The  access  time  mav  be  as  much  as  five  hours. 

Entrant e  M)  is  for  normal  operations  on  a  model  during  the  test.  The  test  section  is  placed  at 
i#mospherlc  pressure,  after  closing  the  upstream  and  downstream  gates  (Fig.  32),  the  test  section  lateral 
gates  are  lowered,  the  side  doors  of  the  plenum  12.7  m  •  3.7  m)  are  unlocked  and  moved  sideways,  and  the 
access  tithes  are  entered  (Fig.  331.  The  model  can  then  be  reheated  so  experimenters  can  work  on  the 
mode  I  . 

In  each  ot  the  three  instances,  the  changes  from  cold,  dry  nitrogen  to  warm  dry  nitrogen  and  then  to 
drv  air  and  humid  air  are  carefully  provided  for. 


Entrance  il)  is  used  tor  changirr 
configuration  tor  the  next  rotation 
tor  the  various  operations  carried  > 
thirty-minute  conditioning  time  is 
a  return  to  atmospheric  temperature 


g  the  model  eonf i gurat ion  at  the  end  of  one  rotation  to  another  modeJ 
,  an  operation  that  takes  about  two  hours.  Figure  34  gives  the  time 
out  in  entrances  (2)  and  (It.  As  far  as  entrance  (2)  is  concerned,  the 
for  the  change  to  dry  air,  so  a  man  can  work  in  the  tunnel,  but  not  tor 
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Fig.  34.  Access  times .  Right:  zone  2  "plenum"  left:  zone  1  "model  access" 


With  the  test  section  area  arranged  this  way,  the  "piece"  taken  out  of  the  wind  tunnel,  which  can  be 
prepared  outside,  includes  the  mode],  its  bala.ice  and  the  sting,  as  in  ONFRA's  S2MA  wind  tunnel  l see 
section  3.2).  At  the  NIK,  there  is  a  special  chamber  provided  for  testing  this  element  in  a  cryogenic 
•>nv  i  ronraont  .  However,  the  model  is  entered  "warm"  in  the  wind  tunnel. 

I nter chan gable  carts  were  chosen  for  the  tTW.  The  "piece"  taken  out  of  the  wind  tunnel  includes  the 
lower  part  of  the  test  section  and  the  stingholder  (or  wall  mount)  supporting  the  model. 

When  several  carts  are  used,  this  arrangement  makes  it  possible  to  fully  prepare  several  tests  outside 
the  test  section,  while  another  test  is  going  on  inside.  The  time  needed  to  move  the  model  in  and  out 
depends  on  the  speed  of  the  mechanisms. 


The  preliminary  arrangements  include  an  access  lock  with  two  gates  (Fig.  33).  To  remove  a  model,  the 
i  art  Is  lowered  into  the  lock  and  the  upper  gate  Is  shut.  The  lock  ia  then  depressurized  the  access  lock 
gate  Is  opened  and  the  cart  is  removed.  It  is  the  cart  lift  plattorm  that  closes  the  circuit,  in  the 
torrent  design  (Fig.  3b).  With  one  gate  upstream  of  the  test  section  and  another  downstream,  as  in  the 
previous  case,  it  would  be  possible  to  remove  and  insert  the  cart  without  depressurizing  the  entire  wind 
tunnel.  Without  these  gates,  each  cart  movement  requires  a  total  circuit  depressurization. 
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Fig.  35  -  E.T.H.  t  original  access  lock  concept.  PLATFORM' 


Fig.  36  -  E.T.W.,  new  concept . 
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once  taken  out  of  the  test  section,  the  cart  can  be  placed  in  a  temperature  conditioning  room  (TCR), 
one  part  of  which  (the  quick  change  room,  or  QCk)  is  only  for  working  on  the  model.  Another  room  is 
provided  for  a  preliminary  cryogenic  test  before  placing  the  model  in  the  test  section  (the  variable 
temperature  rherkup  room,  or  VT(.R)  1  l  3  I  . 

The  model  thus  entPts  the  wind  tunnel  test  section  at  the  planned  test  temperature. 

We  thus  note  that  the  cart-type  handling  svstem  makes  it  possible  to  establish  the  wind  tunnel  tempe¬ 
rature  conditions  without  the  cart,  using  a  moving  element  to  replace  the  cart  as  a  floor  and  thus  close 
the  circuit.  We  ran  thus  insert  a  model  at  a  preset  temperature  in  a  wind  tunnel  that  ia  also  at  the 


t  empe  r.it  urf  .  This  wind  t  uiiiu- 1  rondl  t  inning  possibility  H.  ot  i»roaf«-Kl  idvant  ig«-  wln-n  iusm.  lat  j*d 
with  two  gates  upstream  and  downs  t  team  of  the  test  t  ion,  which  allow  piessute  p  rec<>fid  / 1  ion  itig . 

The  moving  cart  idea  has  also  been  adopted  tot  the  KKK  wind  tunnel  (tig.  i/ I .  Aft»»i  a  test,  the  'art 
is  lowered  into  the  access  lock,  which  is  then  sepaiatpd  from  the  wind  tunnel  bv  a  hoti/ontal  gate.  Ihe 
model  is  then  warmed  with  drv  nitrogen  and  then  with  drv  an.  Ihe  access  time  is  estimated  to  he  four 
hours.  for  minor  changes,  the  model  is  moved  into  a  conditioning  room  in  which  the  reheating  cycle  is; 
estimated  to  he  twenty  minutes  I  1 S ) . 


^.b  -  Temperature  conditioning 

The  temperature  conditioning  ot  the  model  should  be  designed,  in  accordance  with  the  wind  tunnel 
temperature  conditioning,  to  minimize  the  thermal  gradient  effects  in  the  model  (stresses  and  dimensional 
stab  l i t y >  |22|  and  to  obtain  reproducible  Tp! 2/  conditions  (  Ip  »  model  skin  temperature,  Tf  *  adiabatic 
friction  temperature)  | 28 ) . 

The  question  of  the  reproducibility  of  Ipt  f /  and  ot  a  tolerable  difference  A l  Tpl  7'p)  is  particularly 
important  tor  cryogenic  wind  tunnels  and  has  been  treated  in  many  works  (2^  to  3b).  However,  no  simple 
criterion  can  be  drawn  from  the  opinions  of  the  various  authors.  Green  has  suggested  that  the  model  skin 
temperature  should  not  deviate  more  than  IX  trom  the  adiabatic  friction  temperature  1  3b | . 

tonsidering,  in  particular,  the  effect  of  TplTfon  the  drag,  Johnson  allows  an  difference  1 2**  | ;  but 
considering  those  * ases  where  the  separation  effect  can  be  large.  Lynch  suggest  less  than  1 V  |  31)  and 
documents  l  33  and  34 |  confirm  this  point  of  view. 

Heterence  |  34)  summarizes  clearly  the  various  effects  of  Tp!  Tf  posit  ion  ot  the  boundary  layer  transi¬ 
tion,  characterist  ics  <>f  an  attached  turbulent  boundary  layer,  turbulent  boundary  layer-shock  wave 
interaction,  onset  of  the  separation,  extent  ot  the  separated  areas.  Depending  on  the  effect  considered, 
which  roav  produce  monotonic  or  dicontinuous  variations  for  the  same  difference  A<7^,/7'/>,  it  is  understand¬ 
able  that  the  various  criteria  disagree.  Reference  I  34 )  concludes  that,  in  general,  it  could  be  desirable 
fo  ser  the  allowable  difference  at  ]it  and  at  less  than  IX  if  separations  are  involved. 

lor  a  wind  tunnel  with  relatively  short  blowdowns  like  the  T2,  the  wind  tunnel  and  model  must  be 
conditioned  prior  to  the  tPst  to  obtain  the  desired  value  for  Tp/  Tf.  As  reference  |2b|  describes  it,  this 
was  successfully  done  by  cooling  the  model  in  a  flow  of  cold  gaseous  nitrogen,  with  the  model  placed  in 
"drawer"  tor  rapid  entrance  into  the  wind  tunnel. 

The  Douglas  company  experiment  for  the  1-foot  and  4-toot  CWTs  have  shown  that  it  is  nearly  impossible 
to  (uol  the  model  correctly  by  projection  of  liquid  nitrogen.  Moreover,  the  time  required  to  stabilize 
the  model  temperature  ir  the  test  section  flow  would  increase  the  cost  of  operating  a  large  cryogenic  wind 
tunnel,  with  its  "cont  .ous"  type  of  operation,  which  is  in  fact  a  kind  of  long  blowdown.  This  is  why  it 
seems  reasonable  to  suggest  that  the  model  be  conditioned  by  a  cold  gaseous  nitrogen  flow  in  an  auxiliary 
circuit  outside. 


b  -  CONCLUSION 

There  are  two  difficulties  in  applving  the  idea  ot  productivity  to  large  wind  tunnels:  evaluating  the 
quality  ot  the  product  (teat  results)  and  comparing  costs,  which  depend  on  very  different  price  • tructures 
trom  one  installation  to  the  next. 


In  this  application  to  cryogenic  wind  tunnels,  we  have  attempted  to  show  the  particularities  of  these 
wind  tunnels,  e.g .,  the  "long-blowdown"  concept,  which  we  attempt  to  make  as  9hort  as  possible  to  reduce 
the  expenditure  of  liquid  nitrogen. 


Our  examination  of  what  seem  to  be  most  important  points  can  help  guide  the  designer.  The  discussion 
shows  that  the  use  of  a  cryogenic  wind  tunnel  demands  that  the  users  thoroughly  study  the  test  program 
beforehand  and  dovetail  the  successive  configurations  as  best  possible. 


REFERENCES 


{1J  l<mr  as  tit  J. 

La  pi  ductivit£.  Prtsst*s  I'ni  vt»  rs  i  t  at  res  de  France  (1959) 

[2|  Flax,  Alexander  H. 

Aeronautics,  a  sturfv  in  techno log leal  and  economic  growth  and  form  63rd  Wilbur  and  Orville  Wright 
Memorial  Lecture,  Aeronautical  Journal,  December  1974 

|  3)  National  Research  Council 

Tile  influence  ot  computational  fluid  dynamics  on  experimental  aerospace  facilities.  A  fifteen  year 
project  ion 

Nat innal  Academy  Press  -  Washington  1983 
[4i  Herron,  R.  Dean 

Improvements  in  cost  effectiveness  of  wind  tunnel  testing  in  PUT 

AIA  Paper  81-0061,  19th  Aerospace  Sciences  meeting  of  the  American  Institute  of  Aeronautics  and  Astro¬ 
nautics  -  St  Louis  Missouri  -  January  12-15,  1981 

| 5 )  Roui s  X . 

Bientot  30  ans  d'essais  A  Modane.  Recherche  continue  de  precision  et  d'efficacit£ 

Aeronaut ique  et  \stronaut ique  n°  9b,  1982-5  et  TP  ONERA  n°  1982-131 

|b]  Bowes  G.M. 

Communication  personnel le  non  puhli&e  (1980) 

| 7]  Howell  Robert  R. 

Cryogenic  technology  NASA  CP  2  122  (1980) 

[K|  Howell  Robert  R. 

The  National  Transonic  Facility  :  status  and  operational  planning 

AlAA  Paper  80-0415,  llth  Aerodynamic  testing  conference  Colorado  Spings  -  March  18-20,  1980 

(9)  Kilgore  R.A.,  Dress  D.A.,  Me  Guire  D. 

Cryogenic  Wind  tunnels  for  high  Reynolds  number  testing 
NASA  A  83-32175  presented  at  Tullahoma  April  26,  1983 

{ 10)  Claude  U. 

Air  liquide,  oxygdne,  azote  gaz  rares 
Seconde  Edition  DU NOD  1926 

(11)  Mignosi  A.,  Faulmann  D.,  Seraudie  A. 

Induction  driven  transonic  wind  tunnel  T2  :  operation  at  room  temperature  and  cryogenic  adaptation 
La  recherche  aSrospatlale  n°  1981-3 

(12)  North  R.J.,  Maurer  F.,  Prieur  J,  Schimanski  D.,  Tizard  J.A. 

St;-  us  report  on  the  European  Transonic  Wind  tunnel 

AGARD  CP  348  Cesrae  26-29  September  1983 

(13)  Hartzuiker  J .P. 

The  European  Transonic  Wind  tunnel  ETW  :  A  cryogenic  solution 

Main  Society  Lecture,  The  Royal  Aeronautical  Society,  25  January  1984 

(14)  Dress  D.A.  ,  Lawing  P.L.,  Kilgore  R.A. 

An  external  insulation  system  for  a  cryogenic  wind  tunnel.  Presented  at  the  5th  Intersociety 
Cryogenics  Symposium  New  Orleans  December  9-14,  1984 

(15)  Wiehweger  G. 

The  cryogenic  wind  tunnel  Cologne 
AGARD  CP  348  Cesme  26-29  September  1983 

) 16 J  Howell  R.R.,  Joplin  S.D. 

A  system  for  model  access  in  tunnels  with  an  unbreathable  test  medium 

ICAS  80-23-4  12th  Congress  of  the  International  Council  of  the  Aeronautical  Sciences 

Munich  October  12-17,  1980 

(17)  Me  Kinney  L.W. ,  Gloss  B.B. 

Status  of  the  National  Transonic  Facility 

AIAA  82-0604,  12th  Aerodynamic  Testing  conference  Williamsburg 
March  22-24,  1982 

(18)  Me  Kinney  L.W. 

Operational  experience  with  the  National  Transonic  Facility 
\GARD  CP  348  Cesrae  26-29  September,  1983 

(19)  Bruce  W.E.,  Fuller  D.E.,  Igoe  W.B. 

National  Transonic  Facility  shakedown  test  results  and  calibration  plans 
AIAA  84-0584  CP,  l 3th  Aerodynamic  Testing  Conference  San  Dfego 
March  3-7,  1984 


;  JH  !  i.loss  B.H. 

Initial  research  program  for  the  national  transonic  facility 
AlAA  84-0585,  l  3th  Aerodynamic  testing  conference 
San  Diego  March  5-7,  1984 

I J 1 J  Young  C.P.,  Bradshaw  J.F.,  Rush  H.F.,  Wallace  J.W.,  Watkins  V.K. 

Cryogenic  wind  tunnel  model  technology  development  activities  at  the  NASA  Langley  research  center 
AlAA  84-0586,  l 3th  Aerodynamic  testing  conference 
San  Diego  March  5-7,  1984 

l 2 2 1  Carlson  A. B . 

Thermal  analysis  of  cryogenic  wind  tunnel  models 

AlAA  84-1802,  19th  Thermophys ics  conference  Snowmass  June  25-28,  1984 
| 2 1 )  Campbel 1  J .  F . 

The  National  Transonic  Facility  A  research  perspective 

AlAA  84-2150,  2nd  Applied  Aerodynamics  conference,  Seattle  August  21-23,  1984 
| 24]  Mignosi  A.,  Dor  J.B. 

La  snuff lerie  cryogfnique  A  parois  auto  adaptables  T2  de  I'ONERA/CERT 
AGARD  CP  348  Cesme  26-29  September  1983 

(25 |  Chrlstophe  I.,  Bazin  M.,  Broussaud  P. ,  Francois  C,  Pad  P.,  Dubois  M. 

D^veloppement  des  travaux  suscit§s  par  les  realisations  et  les  pro  jets  de  souffleries  cryog£nlques 
La  Recherche  Aerospatiale  n°  2  (Mars-Avril)  1984 

(26 j  Chrlstophe  J.,  Francois  C. 

Thermal  insulation  of  pressurised  cryogenic  wind  tunnels  Paper  n°  25 

First  international  symposium  on  cryogenic  wind  tunnels  -  Southampton  (1979) 

( 27  J  Francois  G . 

Thermal  behaviour  and  insulation  of  a  cryogenic  wind  tunnel* 

TP  0NF.RA  1982-89.  Reunion  "Technologie  cryogenique"  -  Amsterdam  15  septembre  1982 

(28)  Johnson  H.A.,  Rubesin  W. 

Aerodynamic  heating  and  convective  heat  transfer 
Summary  of  literature  survey 

Transactions  of  the  ASME  (pages  447-456)  July  1949 
(29 |  Johnson  C.B. 

Study  of  ncmadiabatic  boundary-layer  stabilization  time  in  a  cryogenic  tunnel  for  typical  wing  and 
fuselage  models 

AlAA  80-0417R,  llth  Aerodynamic  testing  conference  Colorado  Springs,  March  18-20,  1980 
(30]  Johnson  C.H.,  Adcock  J.B. 

Measurement  of  recovery  temperature  on  an  airfoil  in  the  Langley  0,3  m  TCT 
AlAA  81-1062,  16th  Thermophys ics  conference,  Palo  Alto,  June  23-25,  1981 

(31 |  Lynch  F.T.,  Patel  D.R. 

Some  Important  new  instrumentation  needs  and  testing  requirements  for  testing  in  a  cryogenic  wind 
tunnel  such  as  the  NTF 

AlAA  82-0605,  12th  Aerodynamic  testing  conference  L’t  1 1  i amsburg ,  March  22-24,  1982 
(32 |  Wagner  B. 

Estimation  of  simulation  errors  in  the  ETW 

Cryogenic  technology  review  meeting  Amsterdam  15-17  September  1982 
(33|  Inger  G.R.,  Lynch  F.T.,  Fancher  M.F. 

A  theoritlcal  and  experimental  study  of  non  adiabatic  wall  effects  on  transonic  shock-boundary  laye 
interact  Ion 

AlAA  83-1421,  18th  Thermophys ics  conference,  Montreal  June  1-3,1983 
AGARD  CP  348  -  Cesme  26-29  September  1983 

I  34]  Lynch  F.T.,  Fancher  M.F.,  Patel  D.R. 

Non  adiabatic  wall  effects  In  transonic  airfoil  performance  in  a  cryogenic  wind  tunnel 
( 35 j  Bald  W.B. 

Temperature  response  of  a  model  to  set  point  changes  and  condi t ionning  in  ETW 
Cryogenic  technology  review  meeting,  Amsterdam  15-17  September  1982 

(36j  Green  J.E.,  Weeks  P-G-,  Pugh  P.G. 

Heat  tratsfer  to  model  test  section  as  a  source  of  spurious  aerodynamic  effects  in  transonic  wind 
tunnels  Paper  n°  26 

First  International  symposium  in  cryogenic  wind  tunnels 
Southampton  (1979) 


T 


1 


i-  ■'  r;f  f',’f  :  Miner!  ,\  riNtili  ifv  f 

■c?«jn- !U;rn,ini  b-  R 


' !  f  f  i  (.o  National  d'l  tildes  et  de  Recherthes  A*1  rospat  idles 
Centro  *i '  Ltudes  et  de  Recherches  de  TOijl'mJM 
!X-  partement  d  ‘  At  rothermodynaw  i  que 
w,  avenue  fdouard  Bel  in 
JlObb  iUULOUSE  CEDCX  ( FRANCE ) 


> "•  s  riper  summarizes  the  main  results  obtained  by  the  experimental  activity  at  the  fNCRA,  CTRT  1c  in- 
h.iit'un  tunnel  in  Toulouse  since  it  was  converted  for  cryogenic  operation  in  19-1.  It  describes  the  main 
char  i  c '  o  r  i  $  t.  i  c  s  of  this  facility,  operating  by  short  pressurized  transonic  runs  driven  by  induction,  wifi 
t  test  section  equipped  with  two  sel f- adapt i ng  walls  and  its  adaptation  to  cold  flows:  internal  thermal 
insulation,  cooling  by  injection  of  liquid  nitrogen,  system  for  precooling  profile  models  and  introducing 
t  in  the  test  section.  The  following  subjects  concerning  cryogenic  operation  are  then  discussed:  pres¬ 
sure  and  temperature  fluctuations,  thermal  behavior  of  the  walls,  transverse  temperature  distributions  in 
the  flow,  thermal  equilibrium  of  a  profile  with  the  fluid,  condensat  ion  phenomena  in  the  cold  flow  and  pro¬ 
blems  of  particles,  finally,  the  test  results  at  high  Reynolds  number  conducted  on  a  CAST  7  profile  with 
-i  Ihi;  •urn  chord  are  given. 
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stagnation  pressure  of  the  flow  in  the  test  section 
stagnation  temperature  of  the  flow  in  the  test  section 
stagnation  pressure  of  the  driving  jets 
dri v i ng  air  mass  flow 

cooling  liquid  nitrogen  mass  flow 

mass  flow  of  the  flow  in  the  test  section 

discharge  cross  section 

absolute  temperature 

time 

abscissa  in  a  direction  parallel  to  the  flow 

abscissa  in  a  direction  normal  to  the  flow,  following 
t tie  profile  span 

local  stagnation  temperature  and  pressure  measured  by 
a  probe 

wall  temperature 
adiabatic  wall  temperature 
recovery  factor 

ratio  of  specific  heats  at  constant  volume  and  pres¬ 
sure  (  ’  '  1.4) 

flow  velocity  in  the  test  section 
dynamic  pressure  in  the  test  section 
frequency 

reduced  frequency.  H  is  the  test  section  height 

fluctuating  components  of  static 

pressure  and  stagnation  temperature 

mean  over  time  of  fluctuating  value  X. 

profile  chord  and  relatiee  abscissa  along  the  chord 

measured  from  the  leading  edge 

local  Mach  number  on  the  profile 

Reynolds  number  based  on  the  chord 
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1.  I  N  T  f/Ui)*'L  f  CON 

The  T;  transonic  inunction  tunnel,  with  a  j.4  x  0.4  m-  test  section  which  can  e  pressurise!  up  to  5 
t  r’.,  has  been  in  operation  since  1975  at  the  Centre  d’Etudes  et  tie  Recherches  of  the  ONCRA  in  Toulouse. 

This  facility  was  initially  a  1  : 1  U  scale  model  of  a  large  wind  tunnel  proposed  by  t-MRA  in  the  frame¬ 
work  of  t.ht'  European  1  1 MRT  (Large  l  uropean  High  Reynolds  Tunnel)  project.  The  purpose  of  this  project  was 
to  build  a  transonic  wind  tunnel  where  the  Reynolds  number  in  flight  could  be  approached  by  pressuri z i ng 
the  flow  and  by  relatively  large  model  size.  The  project  also  included  the  achievement  of  good  flow 
qualities  in  the  test  section  and  in  particular  a  low  aerodynamic  noise  level.  The  two  other  main  proposals 
for  the  IE  MRT  were: 

-  LuJwieg  Tube  by  PFy]  R  (Germany) 

-  [vans  Clean  Tunnel  by  RAf.  (Great.  Britain). 

Ihe  induction  consists  of  driving  the  fluid  in  the  tunnel  by  high  velocity,  high  pressure  air  jets 
Ref.  I:.  The  T2  system  is  designed  to  operate  by  short  runs,  of  a  duration  of  approximately  1  minute,  main- 
lv  to  limit  the  size  of  the  high  pressure  drive  air  receiver. 

The  first  design,  development  and  qualification  works  on  the  tunnel  made  it  possible  to  achieve  a  low 
turbulence  level,  compatible  with  the  severe  requirements  oi  the  LCHRT  project. 

In  addition,  the  test  section  was  equipped  with  two  flexible  walls  positioned  by  computer  during  the 
test  to  produce  the  infinite  field  condition  for  2D  flows  around  airfoil  profiles. 

rhp  concept  of  a  cryogenic  wind  tunnel  has  imposed  itself  as  a  very  promising  solution  to  achieve  the 
'M- Might  Reynolds  number:  the  increase  in  the  Reynolds  number  per  meter  is  obtained  by  decreasing  the  tem- 
.-•er  it  ijre  and  t.hprobv  the  viscosity  of  the  flow.  This  solution  can  possibly  be  combined  with  pressurized 
oper.it  ion .  1  NfRA  then  decided  to  convert  the  17  induction  tunnel  in  order  to  rapidly  have  a  cryogenic  test 

tic  lilt/. 

This  paper  endeavours  to  summarize  the  data  and  important  results  obtained  by  the  experimental  activity 
b-ve toned  or  the  T.  induction  tunnel  in  cryogenics  since  its  conversion  in  1 9c1  . 

In  the  first  part,  the  main  character ist ics  of  the  system  and  its  cryogenic  runs  are  described.  The 
following  subjects  are  then  discussed:  pressure  and  temperature  fluctuations  in  cryogenic  state,  thermal 
dvivhjr  of  the  wind  tunnel  walls,  transverse  temperature  distributions  in  the  cold  flow,  thermal  behavior 
*  *  i  e  model*  condensation  phenomena  m  the  flow  and  problems  of  particles,  and  finally,  the  results  of 
testing  conducted  it  high  Reynolds  number  on  a  CAST  7  profile  with  a  ISO  mm  chord.  In  conclusion,  the  im¬ 
provements  and  projects  under  consideration  to  continue  cryogenic  operation  of  T2  are  also  mentioned. 

TI  d'RIPTlHN  OF  THE  [ACUITY 

.1.  The  Initial  induct  ion  tunnel  and  It s  t ryojonic  Adaptation 

The  fi  jure  1  is  a  general  schematic  diagram  of  the  wind  tunnel  and  its  ancillary  equipment. 

A  stilling  chamber,  with  a  cross  section  of  1  .8  x  1.8  in',  equipped  with  a  dust  filter,  a  honeycomb 
md  screens,  supplies  the  test,  section  throtiah  a  convergent  with  a  contraction  ratio  of  20. 

The  test  section,  0.37  m  high  and  0.39  m  wide,  includes  a  throat  in  the  downstream  section  which  regu¬ 
lates  the  test  Mach  number  for  M  •  0.6.  A  return  leg  with  several  diffusers  closes  the  wind  tunnel. 

The  i  ml  m  t i on  drive  is  in  the  first  corner  downstream  of  the  test  section:  this  corner  is  provided 
with  seven  hollow  vanes  supplied  with  high  pressure  air,  which  output  the  drive  jets  at  their  trailing 
edge  fig. ire  fuch  vane  includes  14  small  internal  nozzles  wich  can  be  supplied  independently  in  groups 

-mi  w k' :  i  h  set  the  Mach  number  at.  the  jet  outlet  at  M  =1.6.  The  downstream  section  of  this  corner  forms  a 
"i  i  * '  ng  >  h.vnbpr  . 

h*  -  •  1  *•  •  v  ♦’  1 1  r  flow  is  characterized  by  parameter  Pt  j ,  the  stagnation  pressure  measured  in  the  vanes.  It  is 
••'t  »•.:!  U-i  fr  i  proportional  valve  (figure  3).  A  45  m'  dried  air  receiver,  where  the  air  is  stored  at  80 
ir  ,  t'o  facility  via  a  heater. 

rt.  ,r ,  exhaust,  with  a  flow  rate  equal  to  the  drive  air  flow  rate,  is  located  just  upstream  of  the 
■  n  •».(  f  or  -.nmol  .  It  is  achieved  by  pressurization  of  the  wind  tunnel  through  the  porous  bronze  walls  of  a 
•  <"  *  an-,  ,*  .ir  t'annel  which  acts  as  first  aerodynamic  diffuser  between  the  test  section  and  the  inductor 

’>  /ogenu  'onversion  of  the  initial  wind  tunnel,  as  described  briefly  above,  can  be  summarized  by  two 
.1  •  r  no i nt s  ,;d  .is  a  considerable  increase  in  the  control  and  indication  facilities.  These  solutions  were 
'a'h'!  f*>!  after  feasibility  studies  on  the  pilot  T'2  facility,  a  1:4  scale  model  of  T2. 

-  TV  flow  is  cooled  by  direct  injection  of  liquid  nitrogen  in  the  return  leg,  with  the  inductor 
air  jets  remaining  at  ambient  temperature.  It  would  have  been  possible  to  consider  cooling  of 
the  inductor  a'r  jets,  hut  the  solution  selected  is  simpler  to  implement  and  has  the  advantage 
of  increasing  the  efficiency  of  the  induction  drive  when  the  drive  jet  temperature  is  above  that 
of  the  fluid  driven. 

-  The  tunnel  is  provided  with  internal  thermal  insulation,  required  by  operation  in  short  runs 
and  by  the  pressuri zabl e  circuit  made  of  ordinary  steel,  brittle  at  low  temperatures  .  During 
the  short  time  of  the  run,  it  is  then  possible  to  rapidly  cool  the  flow  alone,  with  the  metallic 


structure  remaining  at  .»m!  - 1  <*n  t  Ti*"'p«M  at  urv  :  i  iOf.  It4*  ii  1«  fnt-r  ..<■  ,t  in  ’  •  > 

thickness  of  the  i  nsul  .it  iui;  and  the  'lux-,  -ire  snttu  lentl/  s'. nil  *  cj  r  *  ?  f  Ivr'-o’-  H1'  tt  - 
perjture  to  he  close  to  the  iHicil-.it:*  wall  ►  * n  teu  p*.*r<i f  ui  *- . 

The  1 1  .;u  j(|  nitrogen  is  injected  perpend ii  uiarl  v  to  'he  flow  it  the  will  if  i'i'i  hi*  :  ii’i  «'•  *  so.-.f - 

stream  of  the  inductor  corner;  injectors  with  stepped  flow  rates  are  1  ’  *.  t  • "  t  ut  e  :  ■  n  *wu  «.  :  »'•  a-.,,  nr  1 

I  i  e-J  tw  'ts  own  solenoid  valve  to  allow  digital  re.jjldtiun  of  the  li-iu'i  r.  itroqer  f,.w«  r  i'.e  1  * '  :jr- 

luc.it  inq  the  liquid  nitrogen  injection  in  an  area  of  high  velocity  Mow  is  fur.  In-  we  V.  v  ihor  w  jf  :  ur 
,tn!  i-i-in-j.  In  addition,  the  m»j>  itnum  upstrp  in  distance  of  the  test  section  a'fcws  i  '.  d  'd.ichjr,  taw  *.,r 
» *'e  sa.ue  thermal  uni  formic  at  ion  phenomena. 

A  .  m  test  tank  pressurised  at  appro x ii'Mle  1  y  15  Pars  supplies  the  injector  .  ‘or  q'ver.  flow  r.ite, 

►  h».  u  s !'  of  iin  iniector  with  a  small  cross  section  and  a  high  injection  j  res  sure  <  un' '  ter.i!  1  /  reduces  the 
prot-leh-s  of  priming  the  nozzles.  The  system  is  also  provided  with  drains  for  cooling  before  the  test. 

r  he  exhaust  svstem  which,  in  cryogenic  operating  mode,  eliminates  t  fie  sum  of  the  drive  air  and  liquid 
ri’roqen  flows,  is  not  modified.  The  ducts  downstream  of  the  porous  wills  are  provided  with  a  metering 

s. -sfe1"  f  i  .jure  The  fluid  exhausted  and  vented  to  atmosphere  follows  both  a  main  duct  provided  with  a 
.•  unt i nuoi/S  analog  valve  which  is  theoret  i Cal  1  y  positioned  before  the  test  and  an  auxiliary  duct  divided 

■  nt.o  seven  parallel  hranches  of  stepped  cross  sections,  each  with  a  solenoid  valve,  allowing  digital  re  - 
p.ilatiun  of  this  Part  of  the  flow  rate. 

election  of  the  thermal  insulations  and  attachment  mode  was  a  major  task  which  gave  rise  to  many 

tests . 

Adhesive  tending  appeared  to  be  the  simplest  and  most  appropriate  method  of  attachment  to  avoid 
thermal  bridges  between  the  flow  and  the  steel  walls. 

from  a  thermal  standpoint,  performing  insulations  are  those  with  a  low  conductivity  and  heat  capa- 

t.  ;ty.  However,  other  factors  must  be  considered:  the  surface  condition  of  the  insulation,  the  mechanical 
capability  of  the  material  and  its  bonding  to  withstand  the  temperature  and  pressure  cycles. 

Schematically,  the  internal  insulation  of  the  wind  tunnel  includes: 

In  the  low  velocity  parts,  i.e.  the  return  leg  and  stilling  chamber,  10  nun  of  polyurethane  locally 
reinforced  by  kevlar  fabric.  The  polyurethane  foam  is  a  material  with  very  low  conductivity  and  heat 
capacity,  but  with  a  slightly  rough  surface.  The  surface  of  the  polyurethane  is  covered  with  kevlar  only 
in  a  small  part  of  the  return  leg,  immediately  downstream  of  the  liquid  nitrogen  injection. 

In  the  high  velocity  parts,  i.e.  the  test  section  and  inductor  corner,  5  mm  of  agglomerated  cork  of 
the  Norcoat  type.  This  insulation  is  less  performing  hut  has  a  good  surface  condition. 

Certain  parts  of  the  system:  air  injection  vanes,  liquid  nitrogen  injection  element,  are  provided  with 
special  insulation.  The  insulation  of  the  circuit  is  described  in  greater  detail  in  reference  7. 

The  new  or  modified  parts  of  metallic  circuit  (liquid  nitrogen  injection  element,  exhaust)  were  made 

of  stainless  steel  which  preserves  its  mechanical  properties  at  low  temperatures . 

for  a  dual  purpose  of  measurement  and  safety,  the  entire  wind  tunnel  circuit  is  permanently  fitted 
with  some  hundred  thermocouples  which  give  the  internal  skin  temperature,  the  temperature  of  the  metallic 
structure,  and  the  flow  temperature  in  the  stilling  chamber  by  means  of  a  transverse  grid  of  2b  thermo¬ 
couples.  The  thermocouples  in  the  center  of  the  grid  determine  the  reference  stagnation  temperature  Tt« 

finally,  the  low  points  of  the  circuit  are  equipped  with  traps  which  detect  and  eliminate  any  collected 
1 iquid  ni trogen. 

for  more  detailed  information  on  operation  at  room  temperature  and  the  cryogenic  conversion  of  T2, 
refer  to  the  notes  mentioned  in  references  2  and  6. 

The  scope  of  use  of  the  wind  tunnel  covers  a  range  of  Mach  numbers  from  M  =  0.3  to  M  -  1  .  The  stag¬ 
nation  pressure  can  be  varied  from  a  minimum  value  of  approximately  1.6  bars  up  to  5  bars. 

The  facility  is  actually  generally  used  in  the  low  transonic  range  from  M  =  0.6  to  M  =  0.9  and  at 

low  temperature,  a  stagnation  pressure  level  of  \  :  3.1  bars  has  not  been  exceeded. 

According  to  the  results  described  in  Section  5.1,  the  operating  limit  at  low  temperatures  depends  on 

the  pressure  level  and  the  Mach  number.  It  can  be  retained  that  it  is  approximately  T.  ^  1 00  K  at  transonic 
velocity  for  stagnation  pressures  not  exceeding  3  bars.  The  lowest  stagnation  temperature  achieved  is 
T f  ■  %  K,  during  a  test  conducted  with  the  test  section  empty  at  M  =  0.8  and  P^  =  2  bars. 

A$  concerns  testing  on  the  CAST  7  profile  with  a  150  mm  chord,  many  tests  were  carried  out  at  T  = 

t<iS  *  or  ftp  K,  P  -  ?.5  bars  and  M  0.76,  giving  a  Reynolds  number  based  on  the  chord  of  approximate  1  y 

to*  .*1.1x1 0  .  1 

With  the  CAST  10  profile  which  has  a  180  mm  chord,  the  Reynolds  number  Re  =  30x1  0^  was  achieved  for 

11 0  Y,  Pj  3.1  bars  and  M  0.76. 

.7.  Cryogenic  Testing  on  Profiles 
z.2.f.  Model  Precooling  and  Introduction  System 

The  need  for  satisfactory  thermal  equilibrium  between  the  model  and  How  strongly  influenced  the  cry¬ 
ogenic  test  procedure  used  in  the  T2  tunnel.  In  effect,  cooling  a  relati\-;»  bulky  metal  profile  initially 
at  room  temperature , by  the  flow  in  the  test  sect  ion, requires  at  least  160  .  which  exceeded  the  maximum 

time  provided  for  a  run. As  it  was  initially  decided  to  use  models  with  a  conventional  structure  in  T2,  the 
requirement  for  preceding  was  imposed. 

ft  should  however  be  noted  that  the  idea  which  arose  on  this  occasion  to  produce  models  with  a  lower 
therm,.,  inertia  has  not  been  dropped  for  the  future  t  in  particular  as  concerns  metal  prof i les  wi th  a  rela- 
t  r vp! y  thin  skin. 
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An  -nu.  illdry  precool  i  nq  system  using  a  cold  gaseous  nitrogen  stream  w<i-  designed  «ind  built  'figure  •.  ; 
for  profile  testing.  It  includes  a  precooling  box  mounted  on  one  of  the  lateral  doors  of  the  tr-,t  settlor. 

»».'  ,-j  translation  s/stem  which  supports  the  profile  by  one  of  ’ts  heels  and  allows  it  to  be  r.jj  Ml, 
introduced  in  the  test  section.  A  locking  system  is  provided  on  the  opposite  dour  of  the  test  section 

■  orrectl.'  define  the  geometric  position  of  the  model.  Mounting  on  the  doors  is  by  means  of  a  system  wit*, 
two  windows,  which  sets  the  profile  angle  of  attack  by  rotating  the  assembly. 

’he  profile  is  introduced  in  the  test  section  during  a  run  when  the  initial  flow  at  a  low  Mic*  number 
ind  low  pressure  has  reached  t  he  nominal  test  temperature  (section  2.2.  3.). 

An  ancillary  system  produces  a  cold  gas  flow  around  the  profile  in  the  precooling  bo*.  The  assembly 
forms  a  small  continuous  wind  tunnel  with  a  fan,  cooled  by  injection  of  liquid  nitrogen  and  operating  at 
atmospheric  pressure.  The  velocity  on  the  profile  is  approximately  50  m/s.  An  example  of  precool ing  of  the 
.AsT  7  profile  with  a  100  mm  chord  for  a  test  at  T  -  100  K  is  illustrated  in  the  figure  6.  Precooling  lasts 
about  1 0  minutes  and  a  regulation  program  holds  one  of  the  profile  temperatures  at  the  selected  value  1  . 
action  on  the  injected  liquid  nitrogen  flow,  with  an  accuracy  of  approximately  *  0 . 6  K. 

■  •••••’•  SeJ  inj/_Wa!  ?  s 

Before  and  independently  of  the  cryogenic  conversion  of  the  wind  tunnel,  the  T2  test  section  was 
equipped  with  two  flexible  walls  at  the  top  and  bottom,  each  positioned  by  16  actuators,  and  a  two-dimen- 
sional  adaptation  system  was  developed  for  profile  testing/ref.  11  and  12/. 

The  purpose  consists  of  recreating  a  flow  with  an  infinite  field  around  the  profile  by  the  form  of 
the  walls:  the  adapted  form  is  theoretically  a  streamline  generated  in  the  same  location  by  the  profile  m 
infinite  field,  within  the  boundary  layers  of  the  wall. 

The  iterative  process  used  to  achieve  this  adapted  form  is  based  on  the  longitudinal  pressure  distribution 
on  the  deformable  wall:  the  measured  distribution  is  compared  with  a  theoretical  distribution  computed  for 
the  same  streamline  (real  wall)  in  a  fictitious  infinite  field.  The  adaptation  is  complete  when  the  two 
1 1 stri but  ions  converge.  In  the  event  of  a  difference,  the  wall  is  positioned  on  a  new  streamline  estimated 
hv  relaxation  .  The  method  also  takes  into  account  the  development  of  boundary  layers  on  the  walls.  The 
process  rapidly  converges  and  the  adapted  form  is  obtained  after  a  few  iterations.  With  the  present  system 
duration  of  an  iteration  is  approximately  7  s  (measurement,  computation,  positioning). 

Ihe  same  adaptation  technique  is  also  used  in  cryonenic  operation.  The  deformable  steel  walls  are  simply 
replaced  by  1 .  i  mm  thick  Invar  walls.  Cach  panel  i$  0.39  cm  wide  and  1 .32  m  long  (figure  7).  The  16  trans¬ 
verse  stiffeners  on  which  the  Positioning  device  operates  are  welded  to  the  panel  by  electron  beam. 

A  set  of  slots  in  the  stiffeners  1  mm  under  the  wall  creates  a  thermal  barrier  with  the  mechanical  posi¬ 
tioning  system,  fach  wall  is  equipped  with  96  brazed  pressure  taps,  61  of  which  are  on  the  longitudinal 
centerline.  Upstream,  the  walls  are  attached  by  flush  mounting  and  are  tangent  to  the  manifold  outlet. 

The  downstream  throat  of  the  test  section  is  equipped  with  two  mobile  panels  which  ensure  correct  inter¬ 
facing  with  the  wall  ends,  finally,  four  teflon  seals  provide  the  lateral  seal  between  the  deformable 
walls  and  the  fixed  vertical  walls  clad  with  Norcoat  cork. 

'he  thermal  inertia  of  the  Invar  panels  is  sufficiently  low  to  allow  them  to  be  cooled  by  the  cryo¬ 
genic  flow  before  the  useful  part  of  the  run.  The  figure  17  gives  an  example  of  cooling  of  these  walls 
luring  a  test  at  M  =  0.7  and  -  160  K, 

Invar  was  obviously  selected  for  its  low  thermal  expansion  coefficient  S-st  ic  factory  mechanical  operation 
u f  these  walls  in  cryogenic  state  was  observed  during  many  tests  on  the  CAST  7  profile,  C  -  ISO  mm,  and 
the  CAST  10  profile,  C  180  mm. 

2.2.3.  execution  of  the  Cryogenic  Run 

The  regulation  system  developed  for  the  T2  wind  tunnel  for  cryogenic  operation  is  described  in  the 
note  mentioned  in  Reference  10.  Only  the  main  features  are  recalled  below,  describing  the  three  phases 
of  execution  of  a  run.  Since  1982,  this  method  has  benefited  from  many  improvements  and  detail  modifications. 

The  parameters  of  the  flow,  the  Mach  number  M  in  the  test  section,  the  stagnation  pressure  Pj  and  tempe¬ 
rature  Tt  are  controlled  by  action  on  three  control  parameters  :  the  drive  air  flow  rate  qj,  the  liquid  nitrogen 
flow  rate  q.  w?  and  the  exhaust  cross  section  Se,  to  which  must  be  added  the  cross  section  of  the  sonic  throat 
which  sets  tne  Mach  number  in  stabilized  state  and  which  is  positioned  before  the  test.  During  the  run,  the 
tunnel  is  controlled  by  an  HP  10nn  minicomputer  wnicn  *is**s  si"nle  models  «f  tno  '■nn'i  tunnel  '-'ifh  the  tempera¬ 
ture  control  separate  from  the  pressure  control .  A  second  computer  handles  control  of  the  measurement  and  ex¬ 
ploration  systems,  data  acquisition  and  adapting  of  the  walls. 

The  figure  4  shows  the  variation  in  the  flow  and  control  parameters  during  a  typical  run  at  M  =  0.7, 

Tt  -  160  y  and  P  :  3  bars. 

The  cryogenic  test  can  be  started  when  the  profile  is  at  the  equilibrium  temperature  correspond! ng  to 
the  stagnation  temperature  of  the  test  and  ready  to  be  introduced  in  the  test  section.  The  throat  opening 
corresponds  to  the  Mach  number  of  the  test.  On  the  exhaust  circuit,  the  system  of  digital  control  valves 
is  completely  open  and  the  continuous  valve  is  in  a  position  compatible  with  the  nominal  stagnation  pressure. 

The  first  phase  of  the  cryogenic  run  consists  of  setting  up  a  flow  with  a  low  Mach  number,  M  =  0.3, 
and  a  low  stagnation  pressure,  P.  -1.1  bars,  at  the  nominal  test  temperature.  The  wind  tunnel  is  started 
at  room  temperature.  Under  these  conditions,  the  throat  is  not  sonic.  The  computer  injects  a  liquid  nitrogen 
flow  rate  equal  to  several  times  the  value  required  to  cool  the  drive  air  flow.  The  flow  temperature  drops 
rapidly  and  when  the  computer  predicts  that  it  is  going  to  reach  the  setpoint,  it  gradually  decreases  the 
liquid  nitrogen  flow  rate  to  finally  enter  closed  loop  regulation  of  the  measured  stagnation  temperature 
T..  When  the  flow  is  stabilized  at  nominal  temperature,  the  profile  is  introduced  in  the  test  section  and 
locked  in  place. 

The  second  phase  consists  of  simultaneously  increasing  the  Mach  number  and  stagnation  pressure  up  to 
Ji  the  nominal  values,  while  holding  the  flow  temperature  roughly  constant.  At  the  beginning  of  this  phase, 

the  regulation  valves  close  on  the  exhaust  circuit  and  the  drive  air  flow  rate  is  increased  linearly 
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up  to  Us  final  value  which  is  sufficient  to  obtain  a  sonic  throat  and  obtain  the  desired  pressure,  tonsi- 
iertng  the  opening  cf  t ho  cont i nuous  e  xhaust  valve.  The  stagnation  pressure  increases  rapidly  and  when  it 
•■caches  the  nominal  value,  its  closed  loop  regulation  by  the  exhaust  valves  begins.  This  phase  ends  when 
the  stagnation  pressure  is  stabilized,  during  this  phase,  the  temperature  is  maintained  independently  by 
a  liquid  nitrogen  flow  rate  competed  to  cool  the  drive  air  flow  ard  compensate  for  the  compression  effect. 

[luring  the  third  phase,  t he  operating  parameters  are  held  at  the  nominal  test  values  for  the  time 
required  to  make  the  aerodynamic  measurements .  The  pressure  regulation  by  the  exhaust  cross  section  is  si¬ 
multaneous  with  the  closed  loop  temperature  regulation  by  the  liquid  nitrogen  flow  rate  which  is  recovered. 
(ur;nq  this  phase,  the  stagnation  temperature  is  stable,  remaining  generally  within  a  1  K  bandwidth. 

The  iterative  wall  adapting  process  is  initiated  at  the  start  of  this  last  phase,  for  testing  on  profi¬ 
les.  Valid  aerodynamic  measurements  are  made  when  the  adaptation  is  achieved  (wall  pressure  distr i Put  ion 
on  t  he  profile  during  the  last  iteration,  followed  by  exploration  of  the  wake  in  the  case  of  tests  on  CAsT 

' ,  L  •  1 1 0  mm } . 

He  run  *s  stopped  by  cutting  off  the  liquid  nitrogen  injection  and  opening  the*  exhaust  before  redu- 
i  mw  the  drive  air  flow  rate. 

.  .l  .4.  Cryogenic  Operating  Performance 

Among  the  first  tests  conducted  after  conversion  of  the  wind  tunnel,  a  series  of  runs  at  various  temperature 
levels  made  »t  possible  to  determine  the  performance  characteri st i cs  in  cryogenic  operating  mode,  i.e.  the 
influence  of  the  temperature  on  the  drive  effect  of  the  drive  air  jets  and  the  1 iquid  nitrogen  flow  rate  re- 
jiiired  to  obtain  a  given  stagnation  temperature. 

For  tests  at  a  Mach  number  of  M  -  0.8  in  the  test  section  and  at  a  stagnation  pressure  P  =  1 ,c  bars, 

the  variation  in  the  ratios  of  the  drive  air  flow  rate  g.  and  the  injected  liquid  nitrogen  flow  rate  ql.fb, 

to  mass  flow  rate  in  the  test  section  qT^  during  the  fin^l  stabilized  phase  of  the  test  are  shown  in  the 
figures  «  and  '■)  respectivel  y . 

It  is  observed  that  the  ratio  Q./q^  decreases  as  the  operating  temperature  decreases,  which  confirms 

t  k,t*  increase  in  the  induction  efficiency  predicted  by  the  injector  theory,  as  the  temperature  ratio  between 

the  drive  fluid  and  driven  fluid  T  ./T  ..  increases.  The  black  spot  on  the  Figure  8  for  operation  at  room 

temperature  represents  the  induction  efficiency  before  conversion  of  the  circuit:  the  slight  decrease  in 
performance  recorded  is  explained  by  a  moderate  increase  in  the  pressure  loss  of  the  circuit  due  to  the 
presence  of  the  internal  thermal  insulation. 

The  ratio  of  the  liquid  nitrogen  flow  rate  to  the  test  section  flow  rate  is  obviously  zero  at  room 
temperature.  It  increases  practically  linearly  as  the  operating  temperature  decreases .  At  level  T  =120  K , 
the  liquid  nitrogen  flow  rate  represents  approximately  8  percent  of  the  flow  rate  in  the  test  section.  The 
dashed  line  curve  in  the  Figure  9  represents  the  ratio  of  a  liquid  nitrogen  flow  rate, computed  to  cool  only 
the  drive  air  flow  rate  of  the  test  at  nominal  temperature ^to  the  test  section  flow  rate.  The  difference  bet¬ 
ween  the  experimental  curve  and  the  computed  curve  gives  tne  order  of  magnitude  of  the  thermal  losses  of 
the  circuit:  from  zero  at  room  temperature,  they  increase  as  the  temperature  decreases  and  represent  appro¬ 
ximately  15  percent  of  the  total  liquid  nitrogen  flow  rate  for  T  =  120  K,  which  confirms  the  efficiency 
of  the  internal  insulation. 

It  should  also  be  noted  that  at  low  operating  temperatures,  the  drive  air  and  liquid  nitrogen  flow 
rates  are  of  the  same  order  of  magnitude  (8  to  1 0X  of  qT<-),  i.e.  approximate! y  10  Kg/s  for  a  flow  rate  in 

the  test  section  q.^  -  1 00  kg/s  (M  -  0.8,  =  2  bars,  7^  =  120  K). 

2. .  .  5 .  ^>afety_and_ Protect  ion 

Personnel  safety  and  protection  of  the  facility  are  ensured  by  the  action  of  four  independent  systems: 

-  an  operator  monitors  the  test  controlled  by  the  computer  on  a  control  panel  and  can  stop  it  at 
a n y  time 

-  the  control  and  monitoring  panel,  with  its  own  set  of  transducers  and  relays,  continuously  monitors 

a  wide  range  of  parameters  :  wind  tunnel  pressure,  presence  of  liquid  nitrogen  in  the  system  tra|S, 

oxygen  content  of  the  air  in  the  room,  locking  of  the  room  doors,  etc  and  can  stop  the  test. 

-  tne  control  and  regulation  computer  with  its  own  acquisition  system  is  programmed  to  stop  the  run  on 
occurrpnce  nf  certain  conditions  deemed  hazardous  /temnerature  too  low,  oressurp  too  hinhl  nr  when 

a  malfunction  is  detected  in  the  wind  tunnel. 

-  a  set  of  passive  devices  such  as  relief  valves  and  diaphragms  form  the  last  level  of  protection. 

As  concerns  the  problem  of  personnel  safety  when  working  in  the  wind  tunnel,  the  following  attitude 

was  taken,  in  particular  after  the  first  test  campaigns  on  profiles.  The  best  contribution  to  safety  is  a 
set  of  reliable  and  well  designed  systems  whose  operation  was  developed,  refined  and  proven  before  use  in 
the  wind  tunnel.  The  safety  conditions  are  optimum  when  the  normal  test  procedure  can  be  chronologically 
followed  without  interruption.  However,  when  preparation  of  a  test  or  the  run  itself  is  interrupted  by 
minor  malfunctions,  more  hazardous  conditions  are  very  likely  to  occur:  the  safety  settings  are  not  as 
closely  complied  with,  the  procedure  for  restart  of  an  interrupted  test  is  generally  fraught  with  pitfalls, 
the  risk  of  human  error  increases  and  the  wait  may  cause  other  failures  (valves  stuck  by  the  cold,  etc.). 

The  dissipation  of  the  fluid  ( approximately  89%  N_and  11%  0^)  exhausted  to  atmosphere  also  created  a 
safety  problem.  A  stack  10  meters  high  made  it  possible  to  decrease  stagnation  of  the  cloud  of  cold  oxygen- 
depleted  gas  around  the  exhaust  point  which  is  near  a  parking  lot.  Fortunately,  there  is  often  wind. 

2.7,  History  of  Cryogenic  Activity  at  the  T2  Wind  Tunnel 

The  first  feasibility  tests  which  led  to  the  decision  to  convert  the  T?  wind  tunnel  for  cryogenic  ope¬ 
ration  were  conducted  on  the  T’2  pilot  induction  tunnel  in  1977  and  1978.  The  conversion  works  on  the  T2 
facility  were  carried  out  in  1981  and  the  first  cryogenic  runs  were  carried  out  in  September  of  the  same 
j,  year. 


Mu-  run  proiedure  and  t  he  method  for  rp.i  1  t  mu-  control  of  t  tie  wind  tunnel  t>  y  minicomputer  were  deve¬ 
loped  in  1  9  j.  ,i  fter  -i  prel  uni  n  iry  e  xprr  i  -.ent  1  studv  on  T  ‘ . 

;>roi  ediire  wis  use  1  during  an  initsi'  s  ystenui*  ’•  >.  r  .o  ien  i  <_  test  campaign  without  model  designed  to  ana- 

!  v/c  the  flow  jvj.tl  i  t  »es  ,  t.ondue  t  *-.i  m  September  I'M.  :  mea  so  remen  t  of  temperature  and  pressure  fluctuat ions , 

*  r  i  ps  v  »•  r  st*  t  emperat  an-  !  i  st  r  i  buf  ion  in  the  test  sert’ori,  detection  of  condensed  particles  in  the  flow  using 
i  1  r>er  s /st  piv  . 

f*e  s/ctei*  for  precool i nq  and  introducing  wing  profiles  was  designed,  built  and  completed  in  1 
mi  Id-4.  The  idipfing  cryogenic  Invar  walls  were  made  in  1983,  as  well  as  the  first  CAST  ?  cryogenic  pro- 
’Me  wM  a  1 aim  <.  Cord  . 

’he  first  cryogenic  tests  on  models  were  conducted  with  this  profile  and  with  the  new  sel  f-adapting 

*  , M >n  [lei ember  I'lnl,  T>i i s  campaign  extended  to  february  and  March  1984. 

M  i  il  Mity  tests,  designed  to  test  operation  of  a  balance  for  cryogenic  tests,  with  a  schematic  model 
'Or  Mctei  in  September 

!  '-.i!'  ,,  cryogenic  tests  on  j  CAST  10  profile  with  a  1  su  mm  chord,  made  in  1 984 ,  were  conducted  in 
hM  lire  ember  1984. 

; t  should  also  be  mentioned  that  a  small  continuous  cryogenic  wind  tunnel,  T'3,  with  blower  is  widely 
v.-d  to  develop  the  cryogenic  instrumentation  used  in  T2 :  thermocouple  temperature  probes,  pressure  probes 
,r  ‘  transducers,  optical  particle  detection  system,  etc.  Presently,  cryogenic  testing  and  mainte- 

•  mu-  of  the  facility  occupy  approximately  six  months  a  year,  the  remainder  of  the  time  being  devoted  to 

» cst  ;>iu;f\s:-is  at  room  temperature. 

MimP;,  the  'u.jMjse  Research  Center  benefits  from  active  general  contribution  by  the  Direction  des 
.■  * » ■  ■  i s  Vu/“ns  d’lssais  and  ONFRA  on  the  cryogenic  programs  conducted  in  T2,  in  particular  engineering  (bull- 
i  •  »t  :  o*  models,  thermal  insulation  and  materials,  design  office  problems). 

F  ’  ..!■  V.i.it  Hir.',  ip  the  cryogenic  flow 
.1.  If ’•-*  r.i>  ent  at»on  and  General  Considerations 

The  fluctuations  in  the  stagnation  temperature  are  measured  by  the  variations  in  resistance  of  a  tung- 
.ten  wire  )  "» t.rons  in  diameter.  Supplied  at  a  low  constant  current,  i  -  J  mA.  This  wire  is  located  ortho- 
;»;nany  to  * k  e  flow,  in  the  center  of  the  stilling  chamber  just  upstream  of  the  manifold.  Its  very  low 

inertia  means  that  it.s  temperature  is  very  close  to  that  of  the  flow,  allowing  temperature  fluctu- 

•  t.'uns  to  or  monitored  for  frequencies  not  exceeding  go  Hz.  There  is  a  linear  relationship  determined  by 

c  il  i  brat,  ion  between  the  resist  ance  ar-1  temperature  of  the  wire.  The  wire  resistance  is  measured  from  the 
voltage  across  't. 

The  pressure  fluctuations  are  measured  on  one  of  the  lateral  walls  of  the  test  section  by  a  miniature 
>ui»re  transducer.  The  transducer  installation  ( fi gure  10)  attempts  to  reduce  to  a  minimum  the  volume  bet¬ 
ween  the  static  pressure  tap  flush  with  the  wall  and  the  transducer  membrane  so  as  to  obtain  a  wide  bandwidth, 
which  reaches  a  frequency  of  approximately  10  kHz.  An  0-ring  seals  the  measurement  volume  and,  with  a  teflon 
ring,  holds  the  transducer  in  position  while  prevent i ng  mechani cal  stresses  on  it. 


It  >s  recalled  that  such  a  transducer  can  he  used  even  when  its  own  temperature  varies:  it  preserves 
,i  linear  response  as  a  function  of  the  pressure,  hut  its  sensitivity  varies  slightly  with  temperature  /Ref. 

the  case  of  this  setup,  we  have  observed  that  the  transducer  temperature,  measured  from  its  impedance, 
drifts  only  by  some  40  degrees  during  a  run  at  T  ;  120  K.  The  resulting  variation  in  sensitivity,  appro¬ 
ximately  percent,  can  be  considered  negligible  for  measurement  of  the  fluctuation  level. 

The  temperature  and  pressure  fluctuations  are  analyzed  during  the  final  stabilized  phase  of  the  run, 
is  a  function  of  the  test  temperature ;  the  Mach  number  is  M  =  0.83,  in  the  test  section  and  the  stagnation 
pressure,  -1  bars,  with  the  downstream  throat  sonic. 

' .  .  'italic  Pressure  fluctuations  on  the  Test  Section  Wall 

The  measured  pressure  signal  ?s  digitized  by  the  acquisition  system  at  N  point  per  second  after  analog 
filtering  eliminating  frequencies  above  N/2.  The  fluctuations  are  analyzed  by  frequency  segments  (N  =  100, 

1000  and  10000  points  per  second).  A  program  using  the  Fourier  transform  computes  the  mean  energy  spectrum 
of  the  signal.  The  values  are  made  dimensionless  using  the  reduced  frequency  n  =  f.H/U-(H;  height  of  the 
♦•est  section;  0;  flow  velocity)  and  the  reduced  fluctuation  energy  F  (n)  such  that  :  j  c,m  XF  (n)dn  -  p^7  q- 
where  g  is  dynamic  pressure;  q  M/2  (plF).  The  spectra  given  in  the  figures  are  actually  thepinean  of  seve¬ 
ral  spectra  over  different  time  intervals. 

This  method,  of  which  the  main  points  were  recalled  above,  was  developed  to  qualify  T2  at  room  tempe¬ 
rature  in  the  framework  of  the  LEHRT  project/Ref.  2/.  It  is  used  here  with  cryogenic  flows. 

The  reduced  spectra  of  static  pressure  fluctuations  in  the  test  section  are  i 1 1 ustrated  in  the  Figure 

11  for  operating  temperatures  of  295  K,  150  K  and  120  K.  The  reduced  fluctuation  ampl itude  »  nF  (n )  is  re¬ 

presented  linearly  on  the  ordinate.  The  reduced  frequency  n  on  the  abscissa  is  given  on  a  logarithmic  scale. 

The  three  frequency  ranges,  F  <  40  Hz,  F  <  400  Hz  and  F  <4  000  Hz,  are  analyzed  at  room  temperature.  The 

spectrum  determined  has  a  very  low  level  at  low  frequencies  (»/nFp(n)  =•  0.3  x  10“3  for  n  <  10~  )with  a  gradual 

increase  in  the  fluctuation  level  for  higher  frequencies,  corresponding  to  the  noise  of  the  turbulent  boundary 
layers  on  the  wall.  The  spectrum  is  very  similar  to  that  measured  before  the  cryogenic  conversion  of  the  circuit 
and  rpma  ins  rnmnaMhlp  u/ffh  fbo  i«i/oi»o  pogij-j  f\t  fho  LFHnT  project . 

The  spectra  determined  at  levels  T.  =  150  K  and  T.  =  1 20  K  have  a  form  which  is  identical  to  that  of 
spectrum  j»troom  temperature,  but  exhibit  an  increase  in  the  fluctuation  level  for  all  the  frequencies  ana- 
i  /zed  (  •  nFpfn 7 '  0.5x10  for  n  <  1  0  and  T^  -  120  K). 

ft  is  probable  that  this  phenomenon,  which  remains  relatively  moderate,  is  related  to  the  cryogenic 
operation  and  is  correlated  with  the  increase  in  thermal  turbulence,  as  will  be  described. 

3.3.  To t a  1  Tempera ture  FI uctuati ons 


The  same  measurement  pro«essing  and  spectrum  computation  method  is_used  as  fur  pressure  fluctuations. 

The  reduced  fluctuat ion  energy  fT(n)  is  defined  by  \  "r  F  (n)dn  T‘  /T  The  figure  1/  shows  the  redu¬ 
ced  dmpl  i  tude  lTnf  }  as  a  function  of  the  reduced  frequency ‘n  for  operating  temperatures  T  ."V5  f  ,  f  St/  f- 

I  cl)  K.  1 

Acquisitions  were  carried  out  at  N  -  1  L'U  points  per  second  (F  40  Hz)  and  N  1  0U0  points  per  second 
( V  •  400  Hz).  In  fact^the  fluctuations  are  correctly  measured  for  low  frequencies  up  to  a  value  of  appro¬ 
ximately  5U  Hz  (n  10  }  < orrespondi ng  to  trie  time  constant  of  the  9-micro  wire  (heat  exchange  and  thermal 

inertia).  The  40  Hz  cutoff  frequency  of  t tie  lowpass  analog  filter  also  appears  on  the  spectra  obtained  ft  out 
the  acquisitions  at  100  points  per  second. 

In  rtduced  form,  the  spectrum  exhibits  a  roughly  constant  level  from  low  frequencies  up  to  n  -  10’^  and 
this  level  increases  regularly  as  the  test  temperature  decreases. 

The  root  mean  square  value  (rms)  of  the  temperature  fluctuation  over  the  same  frequency  domain  is  shown 
i  n  tt|e  figure  1  >  as  a  function  of  the  operating  temperature  .  A  substantial  increase  in  the  relative  value 
yj  ,  T  can  be  observed  when  the  temperature  decreases  _due  both  to  the  decrease  in  term  T  and  to  the 
increase1 in  the  absolute  value  of  t fie  fluctuation  level  ,'Ty  which  increases  from  0.03  \  at  room  temperature 
to  a  value  of  approximately  0.14  V  for  T  1 'll)  r . 

These  temperature  fluctuations  are  obviously  related  to  the  cryogenic  operation.  They  can  be  attributed 
to  an  imperfect  mixing  of  the  drive  air  at  room  temperature  witt  the  driven  cryogenic  flow,  a  lack  of  uni¬ 
formity  in  the  cooling  by  spraying  of  liquid  nitrogen  and  the  liscont  ir.uOu'  temperature  regulation  process 
fur  variations  at  very  low  frequency. 

In  conclusion,  it  appears  important  not  to  neglect  this  increase  in  fluctuation  in  the  cryogenic  sta*e 
when  interpreting  t>e  tests  on  models.  The  beavior  of  the  boundary  i.jyer  on  the  ■node’,  in  particular  n 
cases  of  free  transition,  is  sensitive  to  the  noise  level  of  the  flow  whn».  is  a  iause  for  dissimilarity  bet 
ween  the  wind  tunnel  and  actual  flight  /Ref.  13/. 

4 ,  TMIRMAL  PHFNl'Ml  NA 

•1.1.  Temperature  Measurements 

The  temperatures  are  general  1 y  measured  by  commercially  available  copper-const  ant  an  thermocouples  whose 
junction  is  cast  in  a  fiber  and  resin  plate  0.15  mm  thick  of  small  size  (4  *  H  mm  1.  These  thermocouples 
are  equipped  with  their  own  copper-constantan  wires,  sufficiently  long  for  connection  to  the  coi  ner-cot  Per 
sensing  wires  external  to  the  wind  tunnel,  placed  in  thermally  controlled  enclosures  at  a  reference  tempe¬ 
rature  (genera  My  0  Celcius).  The  response  time  of  these  plates ,  which  depends  on  heat  exchange  with  t  -<e 
medium,  is  relatively  small:  in  a  flow  of  a  few  tens  jf  meters  per  second,  they  al-^w  measurements  u[  to  i 
frequency  of  approximately  5  Hz. 

These  plates,  simply  bonded,  ore  fitted  on  the  internal  insulated  waMs  and  the  external  metal  walls 
of  the  wind  tunne’ .  This  simple  technique  for  wall  temperature  measurements  ' annot  however  he  appl'ed  to 
■ill  cases,  as  the  plate  must  always  be  considered  a  relatively  insulating  film.  Ih  is  method  >s  in  part  ■  - 
cular  unsuitable  for  the  surface  of  a  metal  model  in  thermal  disequilibrium  with  the  flow. 

The  simplest  setup  to  measure  the  flow  temperature  consists  of  locating  the  thermocouple  plate  parallel 
to  the  direction  of  the  wind.  It  is  field  downstream  by  a  hardwood  Support.  leaving  the  vicinity  of  the  junc¬ 
tion  free  (Fig.  14).  The  relatively  low  conductivity  of  wood  mai  s  the  thermal  influence  of  tde  Supports, 
slower  to  reach  thermal  equilibrium,  negligible  in  the  measuree  >nt . 

Such  a  probe  rapidly  reaches  a  temperature  of  equilibrium  with  t.he  flow^T,  ( f  ri  ct  ion  temperature )  which 
is  related  to  the  stagnation  temperature  by  the  relation:  T  (1  *  r  )M-  )  (1  +  ( )M-)  which  in¬ 

volves  the  local  Mar h  number  M  and  a  recovery  factor  r  of  the  order  of  O.H  t6  0.0,  determined  by  cal i brat io' 
and  which  depends  on  the  boundary  layer  flow  on  the  probe. 

In  the  stilling  chamber,  2f»  probe*  of  this  type  are  distributed  on  j  grid  with  a  square  mesh  of  0.3  «. 
0.)  m  ,  just  upstream  of  the  manifold,  and  directly  measure  the  stagnation  temperature  distribution,  con¬ 
sidering  the  low  flow  speed. 

Three  thermocouple  probes  of  the  samp  type  ire  fitted  on  a  mobile  rake  with  three  teeth,  which  was 
mounted  in  the  center  of  the  upstream  part  of  the  test  section  during  the  flow  quality  analysis  campaign, 
lach  of  the  three  measurement  points  also  includes  a  total  pressure  probe.  Complete  transverse  explorations 
of  the  test  section  are  thus  obtained  by  moving  the  rake  (Figure  18). 

However,  the  uncertainty  as  to  the  real  value  of  the  recovery  factor  r  of  such  a  probe,  in  particular 
in  t.he  lateral  parts  of  the  test  section  where  there  are  transverse  temperature  and  velocity  gradients  and 
where  the  turbulence  of  the  flow  increases  led  us  to  making  total  temperature  probes  (Figure  15).  In  this 
case,  the  thermocouple  plate  is  contained  in  a  hollow  hardwood  shell  designed  to  stop  the  flow  which  pene¬ 
trates  through  a  slot  upstream  of  the  thermocouple.  A  small  diameter  hole  is  provided  downstream  to  ensure 
a  ventilation  flow  through  the  cavity. 

Such  a  total  temperature  probe  associated  with  a  total  pressure  probe  is  used  for  measurements  supple¬ 
menting  the  explorations  of  the  mobile  rake,  in  the  vicinity  of  one  of  the  walls,  in  the  same  part  of  the 

test  section  (rigure  19). 

Another  total  temperature  probe  is  used  for  transverse  exploration  of  the  150  mm  chord  CAST  7  profile 
wake  one  half  chord  back  of  the  trailing  edge.  In  this  case  it  is  associated  with  two  pressure  pobes:  one 
total  pressure  probe  and  one  static  pressure  probe  (Figure  25). 

To  measure  the  skin  temperature  of  the  steel  CAST  7  profile  with  sufficient  accuracy,  copper-constantan 
t  hermotouples  of  <*  different  design  are  used.  The  junction,  reduced  to  a  minimum  volume,  is  housed  1  mm 

under  the  model  surface  in  a  well  machined  in  the  internal  surface  of  this  part  of  the  profile:  the  model 

is  made  in  three  parts  assembled  by  welding,  and  the  hollow  center  part  lined  with  nic  .el  felt  allows  the 
♦ hermocouples  wires  and  pressure  tubes  to  be  led  to  one  of  the  heels  (Section  6.1.  and  Figure  29).  The  pro¬ 
file  is  so  equipped  with  eighteen  thermocouples,  ten  of  which  are  located  chordwise  on  the  lower  surface 
•md  upper  surface  of  a  center  section  and  the  others  spanwise. 

The  theoretical  temperature  difference  petween  the  profile  skin  and  the  metal  at  a  depth  of  1  mm  is  ne- 
qligihle  unner  normal  test  conditions.  For  a  model  within  a  few  degrees  of  thermal  equilibrium  with  the 


transonic  flow,  it  is  appro  minutely  one  tenth  of  a  decree,  considering  the  conductivity  of  steel. 

•1 , .  .  Hurmal  ‘-.e^dvior  of  t tie  Walls 

I »n*  1 1  jure  1'  jives  an  example  of  cool  my  of  the  elements  of  the  external  metal  structure  during  a 
ti-st  '0n:;jcte1  it  M  'i.-  and  a  stagnation  temperature  1.  1 OU  K ,  the  latter  being  held  for  a  relatively 

Ion;  1 1 -it?  of  1 « =  s.  The  thermocouples  measure  the  variations  which  are  significant  but  of  small  amplitude, 
•lemon*,  t  rat '  n  |  the  efficient.  /  of  the  infernal  insulation. 

T»e  ',ei  ui.-i  titf'iser,  ■■■•.I'ie  of  stainless  steel  and  located  immediately  downstream  of  the  liquid  nitrogen 
-  «r  ►■(  t  !ue,  i tt.f  element  whuh  is  cooled  the  most  :  its  temperature  decreases  by  approximately  7  h  during 

X  l »  rst  , 


^r,  -lecre.iM*  is  approx  imatel  y  2  K  for  the  elements  of  the  circuit  at  high  velocity  'test  section  and 

inductor  corner  and  about  1  degree  for  the  elements  in  the  low  velocity  return  line. 

Tup  dispersion  in  the  initial  temperatures  of  the  various  elements  of  the  circuit  is  due  to  repetition 
id  t  i-p  runs  and  f<>  the  cold  » i  r  which  tends  to  accumulate  in  the  pit  containing  the  return  line. 

n  i  oo  1 1  n  j  the  ''low  at  t '-e  start  of  a  crvog.iiic  test,  the  surface  temjierature  of  the  internal  insu¬ 
lated  will  follows  that,  of  the  flow  with  a  delay  of  approximately  IS  seconds,  reaching  a  level  within  a  few 
1e  jrees  of  tup  final  stagn.it ’on  temperature.  This  difference  is  approximately  equal  to  10  to  It  K  in  the 
*est  set  » ion  for  operating  •  :>*'  r  it  ures  from  T  r  100  K.  to  T.  =  150  K.  The  analysis  of  the  transverse  ter - 

i-erature  !  •  s?  r :  but  ion  in  the  fluid  shows  that  it  is  mainly  related  to  the  existence  of  a  /one  of  warmer  fluid 
near  the  walls,  which  extends  largely  beyond  the  dynamic  boundary  layer. 

The  same  final  temperature  difference  of  about  ten  degrees  between  the  waM  and  the  flow  is  also  obser¬ 
ved  in  the  case  of  the  metal  $e? f- adapt ing  walls.  Their  cooling  by  the  fluid  (Tigure  17  )  is  slower,  but 

considering  this  systematic  difference,  it  is  completed  by  the  start  of  the  adaptation  and  measurement  phase. 

1.3.  Transverse  Temperature  Oistri  hut  ions 

The  tests  were  conducted  at  a  stagnation  pressure  of  2  bars  and  at  Mach  numbers  of  0.3  and  0.55  in  the 
test  section.  Those  for  which  temperature  exploration  was  conducted  in  the  test  section  cover  a  range  of 
temperatures  from  T  105  >  to  room  temperature.  The  distribution  in  the  stilling  chamber  and  the  wall 
temperatures  alon,  the  test  section  (Tig. 20),  continuously  measured,  are  available  for  a  larger  number  of 
r/oqenit  tests  down  to  an  operating  level  95  K. 

In  the  stilling  chamber,  a  practically  uniform  temperature  distribution,  within  a  degree,  is  obtained 
•  »  !»ie  start  f  ♦  ».«*  final  stabilized  phase  of  the  test,  on  the  1.2  x  1.2  m-  section  covered  by  the  grid,  ex- 
1  ading  the  1argt»r  temperature  differences  of  about  2  K  jenerally  measured  in  the  corners  of  the  square 
•‘Ct  'on. 

TMs  listr !  but  ion  »•.  independent  of  the  test  temperature  and  its  uniformity  does  not  vary  substantial  ly 

:.jwn  to  ■  . 

The  general  configuration  of  the  transverse  temperature  distribution  in  the  test  section  measured  during 
♦if*  final  stabilized  phase  of  cryogenic  tests  is  as  fellows;  a  uniform  center  zone  and  wanner  flow  zones 
near  the  walls  (Fig.  1-9). 

The  extent  of  the  thermal  gradient  along  the  walls,  accurately  measured  by  the  total  temperature  probe 
on  one  of  the  walls  (Tig. 19),  covers  approximately  50  mm  and  thus  extends  considerably  beyond  the  dynamic 
:  undary  layer  with  a  physical  thickness  of  17  mm  in  the  measured  section.  This  extent  does  not  vary  with 
the  test,  temper  ture  from  T  -  200  K  to  =105  K. 

The  amplitude  of  the  wall  thermal  gradient  increases  as  the  test  temperature  decreases.  The  total  pres¬ 
sure  probe  readings  (Fig. 19)  appear  to  show  a  relatively  regular  increase  in  the  differences.  However,  the 
senes  of  explorations  made  with  the  mobile  rake  show,  consistently  with  the  direct  wall  temperature  measu¬ 
rement  along  the  test  section,  that  the  maximum  difference  stabilizes  at  a  value  of  approximately  12  K  for 
operating  temperatures  less  than  or  equal  to  150  K.  The  curve  of  variation  of  the  temperature  differences 
between  three  points  on  the  cork  wall  and  the  flow,  illustrated  in  the  Figure  20,  concerns  a  large  number 
of  runs  down  to  T^  =  95  K. 

The  tests  do  not  show  a  significant  variation  in  the  character i sti cs  of  the  wall  thermal  gradient  when 
t hp  Mach  number  in  the  test  section  is  varied  from  0.8  to  0.55. 

The  practical ly  uni  form  center  zone  with  a  constant  width  of  approximately  300  mm,  in  which  the  tempe¬ 
rature  differences  are  in  the  neighborhood  of  1  degree,  is  obtained  independently  of  the  cryogeni c  test  tem¬ 
perature.  For  operation  at  room  temperature,  the  width  of  the  uniform  zone  is  much  larger,  approximately 
355  mm  and  the  thermal  and  dynamic  boundary  layers  have  the  same  thickness. 

The  existence  of  this  center  zone,  which  can  be  taken  advantage  of  for  tests  on  models  over  a  tempe¬ 
rature  range  of  Tf  1  f (30  K  in  all  likelihood,  is  the  important  conclusion  of  this  study.  The  phenomenon  of 
warmer  flow  zones  along  the  walls  is  not  substantially  amplified  at  low  temperature.  The  origin  can  be  at¬ 
tributed  to  the  addi tion of  heat  along  the  wall'  of  the  return  line  and  also  to  more  complex  phenomena  in¬ 
volved  when  crossing  the  stilling  chamber. 

1.4.  Thermal  Fquilibrium  of  the  CAST  7  profile  (C  -  150  mm)  with  the  Flow 


On  the  occasion  of  the  first  cryogenic  tests  on  profiles,  the  thermal  equilibrium  of  the  CAST  7  profile  with 
a  150  mm  chord  with  the  cold  flow  was  systematically  checked.  The  test  technique  used  for  this  puroose  has 
proven  particularly  performing  for  two  reasons: 

-  the  satisfactory  operation  of  the  model  precooling  and  introduction  system;  before  the  run,  the  pro¬ 
file  is  cooled  to  an  average  equilibrium  temperature  which  is  that  of  a  center  thermocouple  on  the  upper 
surface  and  which  is  computed  from  the  stagnation  temperature  of  the  test  taking  into  account  the  local  Mach  1 
r  umber  on  this  point  and  a  recovery  factor  r  by  the  theoretical  formula  :  T^w  =  T  (1  ♦  r  (  ^  )M*  )/(1  *  ~ -.)M2 ) . 

For  a  turbulent  boundary  layer,  r  -  0.9  and  for  a  laminar  boundary  layer,  r  *  O.85. 


-  T»e  time,  about  Hi  seconds,  between  introduction  of  the  profile  and  the  aerodynamic  measurements 
w  ■  i  i-  i’lii  :iil  /  correspond  j  to  the  phase  luring  wii_f  the  test  section  Much  number  and  the  stagnation  pressure 
»n-  » m.  reused  tut  also  to  the  initial  iterations  of  the  wall  adapting  process  during  the  stabilized  phase. 

T,,.‘  ♦Me  i  s  jii'tl  /  sufficient  for  the  flow  to  complete  temperature  adjustment  of  the  profile.  Actually,  an 

•  »  rur  ijf  »  few  degrees  in  selection  of  the  pre<oolinq  temperature  is  practically  without  effect  on  the  final 

•  he  nr, 1 1  t-gui  1  i  hri  urn. 

i  i  j.jrr-  .?  shows  the  variation-  wife  time  of  j  \  haracteri  st  ic  temperature  ori  the  profile  upper  s  .r- 
‘  r  ho  ng  ♦  hr  final  stabilized  phase  of  the  run.  The  variation,  practically  null,  of  the  regulated  stag- 

•  :.i  *  t  e"ipft'  it  >,re  is  also  shown  .is  well  as  that  of  the  theoretical  equilibrium  temperature  for  this 

;-r‘ufile,  determined  from  The  stagnation  temperature,  considering  t  he  local  Mac  ti  number 
*.*  .  *•••»!'.  wfir  conducted  with  tripled  transition  in  the  vicinity  of  the  leading  edge  at.  M  U.7t,  a 

’  i  ; » •  i ♦  '  o  i  :  res*, ure  F*t  1  . o  ti  and  an  ingle  of  attack  .  *U.J  .  The  tests  each  included  six  iterations  of 

i  '  mp  wal  1  '  stapling  process  and  the  temperatures  wore  measured  each  iteration,  every  seven  seconds 

-u.  m  ng  temperatures  -t  1  vb  >’  and  T  lyli  K,  the  profile  appears  to  have  practically  achieved 

•  •  *  ru  t1  .  p.  1  ■  t  r  i  un.  at  tty-  beginning  of  the  adapting  process,  with  an  accuracy  better  than  one  degree. 

>  * » »•  f»  jure  the  temperature  distribution  measured  along  the  chord  on  (fie  upper  surface  of  the 
n  Lit  the  profile  is  compared  with  the  theoretical  distribution  of  t tie  equilibrium  temperature 
t  *.♦»  .ti  (nation  temperature  and  the  local  Mach  number  distribution  along  the  chord.  This  con¬ 
i'  .  i  in  for  a  test  with  tripped  transition  and  Tf  -120  Y.  The  form  of  the  measured  distribution  is 

n  •.'♦»:»  *  wit*  the  theoretical  distribution  and  the  differences  are  approximate!  y  equal  to  0.5  K. 

’♦(•sc  results  satisfy  a  requirement  generally  retained  for  thermal  equilibrium  of  a  model  in  wind  tun- 


>lel  Aw 


percent . 


However,  this  satisfactory  thermal  equilibrium  of  the  profile  is  in  all  likelihood  achieved  only  on  a 
center  section  -!l>  c;  to  30  cm  wide,  where  the  spanwise  temperature  distribution  is  uniform  (Tig.  24).  In  the 
y  tinit,  of  the  .vails,  differences  of  up  to  10  K  are  measured  for  the  test  case  at  T  120  K,  due  first  to 
■'.ondut  r  ion  neat  ‘row,  the  heels  which  are  not  directly  cooled  and  which  are  in  contact  with  uncooled  mechanical 
issembl ies.  In  addition,  we  know  that  a  zone  of  warmer  fluid  exists  in  the  flow  near  the  wall  for  completely 
■ndependent  reasons  and  this  zone  also  affects  the  profile  temperature  in  this  region. 


'wo  other  interesting  points  concerning  thermal  equilibrium  of  the  model  can  be  raised  here. 

It  is  known  that  tM  equilibrium  temperature  of  a  surface  with  a  given  flow  is  not  the  same  for  a  lami¬ 
na'  boundary  layer  (»  3.85)  as  for  a  turbulent  boundary  layer  Ir  0.9)  .  This  phenomenon  was  observed  during 
tests  with  free  transition  at  a  low  Reynolds  number  (Re,.  -  4  10°;  T  -  250  Y. )  illustrated  in  the  figure  23. 

In  this  case,  the  transition  occurs  in  the  location  of  the  shock  wave  on  the  upper  surface  and  temperatures 
corresponding  to  laminar  equilibrium  are  measured  on  the  model  upstream  of  the  shock  wave.  Tor  the  same  test 
conducted  with  tripped  transition,  the  model  is  at  thermal  equilibrium  in  turbulent  state,  higher  by  appro¬ 
ximately  3  K.  Therefore,  to  a  certain  extent,  the  skin  temperature  of  the  model  at  thermal  equilibrium  can 
give  additional  information  on  the  nature  of  the  boundary  layer. 


The  overall  heat  exchange  between  the  profile  and  flow  is  at  the  origin  of  the  thermal  wake.  The  trans¬ 
verse  total  temperature  distribution  in  the  wake  is  a  highly  significant  measure  of  thermal  equilibrium  or 
disequi 1 i bri urn  of  the  model.  For  information,  the  figure  25  shows  profiles  of  total  temperatures  measured  one 
half  chord  behind  the  trailing  edge  in  the  following  configurations:  hot  model,  cold  modeland  thermal  equi¬ 
librium.  finally,  the  study  of  the  aerodynamic  effect  of  thermal  disequilibrium  between  the  model  and  the 
flow,  character ized  by  the  parameter  was  also  approached  with  the  CAST  7  profile  (C  -  150mm).  These 

results  are  given  in  the  paper  mentioned  in  reference  13,  which  also  covers  other,  more  fundamental  aerody¬ 
namic  problems  encountered  in  the  T2  wind  tunnel. 


CONDENSATION  AND  PARTICLES 

•<J.  Condensation  Phenomena  in  the  Cryogenic  flow-  Limit  of  the  Operating  Range  at  Low  Temperatures 

In  the  framework  of  the  analysis  of  the  flow  qualities,  the  purpose  of  this  experimental  study  was  to 
qualitatively  detect  the  presence  or  appearance  of  condensed  particles  in  the  test  section  in  cryogenic  state 
and  clarify  the  temperature  and  pressure  conditions  of  the  phenomenon. 

5.1.1.  Optical  Detection  Device 

The  detection  method  is  based  on  the  increase  in  light  diffused  by  a  laser  beam  when  the  beam  is  crossed 
by  particles. 

The  lateral  doors  of  the  test  section  are  equipped  with  two  glass  windows,  facing  one  another  and  exter¬ 
nally  provided  with  deicing  systems.  When  crossing  the  test  snction,  the  beam  of  a  low  power  laser  cuts 
through  the  optical  field  of  a  photomultiplier  located  on  the  opposite  side  (Tig.  26).  The  axes  of  the  laser 
and  photomultiplier  are  inclined  from  the  normal  to  the  flow  to  eliminate  from  the  flow  field  any  reflection 
of  the  beam  on  the  windows,  while  keeping  visible  a  center  part  of  the  beam  crossing  the  test  section. 


The  laser  beam  stops  on  a  lateral  part  of  the  opposite  window,  painted  dull  black.  All  the  tests  are 
conducted  with  the  same  geometric  adjustment  of  the  device. 

5.1.2.  Results 

The  tests  conducted  systematically  cover  the  entire  operating  temperature  range  down  to  Tt  -  95  K, 
with  a  Mach  number  of  0.8  in  the  test  section  and  a  constant  stagnation  pressure  =  2  bars. 

The  run  conducted  at  T^  =  95  K  (Figure  27),  which  is  the  coldest  in  this  series  of  tests,  is  a  good 
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illust'jtion  of  the  re  . ult‘,  obtained. 

.’be  consecutive  .t:>pear.int.e  of  t‘ree  types  of  particles  is  demonstrated.  The  .'articles  .hi.-  lderiT-fn-; 
by  the  temperature  and  pressure  conditions  at  the  time  of  their  detection. 

Ice  appears  at  the  beginning  of  the  flow  cooling  phase  at  a  stagnation  temperature  of  jopru*  mat «>  1  , 

.he  r.  The  appearance  of  ice  particles  is  very  sudden  and  t he /  are  detected  for  In  to  15  seconds,  during 
which  their  quantity  decreases  rapidly. 

This  phenomenon  can  tie  explained  by  rapid  crystal  1  i  zat  ion  of  the  water  vapor  contained  i  r>  the  w  ■  n  J 
tunnel  circuit,  after  which  the  dust  filter  located  at  the  inlet  of  the  chambi  r  captures  most  of  t he  crys¬ 
tals,  producing  the  decrease  in  the  signal  detected  by  the  photomultiplier. 

Dry  ice  then  condenses  at  a  stagnation  temperature  of  approximately  135  K.  This  temperature  level  is  com¬ 
patible  with  the  partial  pressure  of  carbon  dioxide  in  the  wind  tunnel,  at  atmospheric  pressure,  estimated 
at  approximately  10"’  bars.  This  phenomenon  is  similar  to  the  above  one  :  rapid  appearance  and  gradual  dis¬ 
appearance  of  the  particles  trapped  by  the  filter.  Finally,  an  equilibrium  is  set  up  between  the  quantities  cf 
water  vapor  and  carbon  dioxide  injected  which  constantly  produce  crystals  and  the  retention  operated  by  the 
filter.  This  phenomenon  is  also  indicated  by  measurement  of  the  pressure  loss  \p  of  the  filter  which  regularly 
increases  during  the  entire  stabilized  phase  of  the  run. 


Based  on  the  static  temperature  and  pressure  conditions  in  the  test  section  this  phenomenon  can  be  attri¬ 
buted  to  condensation  of  the  stabilized  air  and  nitrogen  mixture  forming  the  fluid  in  the  wind  tunnel.  This 
phenomenon  was  fleetingly  observed  during  the  test  at  T  =  95  K  on  the  occasion  of  a  local  drift  in  toupe- 
rature.  Direct  observation  by  camera  allowed  us  to  observe  the  importance  of  this  condensation  and  to  check 
that  cancellation  of  the  photomultiplier  signal  (figure  27)  was  due  to  a  very  intense  fog. 

The  instantaneous  stagnation  temperature  measured  in  the  stilling  chamber  is  not  a  parameter  applicable 
to  these  condensation  phenomena  except  during  the  stabilized  phase,  since  during  rapid  cooling,  temperatures 
which  are  lower  by  some  ten  degrees  exist  in  the  circuit  upstream  of  the  chamber.  Thus,  during  the  test  at 
T  95  K,  stagnation  temperatures  of  270  K  and  150  K  were  measured  for  appearance  of  ice  and  dry  ice  res¬ 
pectively.  Systematic  tests  conducted  at  various  temperature  levels  gave  further  information  on  the  conden¬ 
sation  conditions  and  led  to  the  values  given  above.  In  particular,  it  was  verified  that  for  an  operating 
level  of  T  =  250  K,  practically  no  particles  appeared  in  the  test  section  and  at  T  -  15 J  K,  only  ice  was 
detected  during  cooling.  Several  tests  conducted  at  T  =120  K  and  Tfc  =  1 00  K  showed  the  consecutive  appe¬ 
arance  and  disappe ‘ranee  of  ice  and  dry  ice  but  no  substantial  passage  of  particles  was  detected  during  the 
stabilized  phase. 

The  important  conclusion  of  this  study  is  that  the  fluid  condense  lion  phenomenon  in  the  test  section 
is  an  imperative  operating  limit  at  low  temperatures.  To  specify  this  limit  more  accurately  according  t j 
the  wind  tunnel  operating  parameters,  the  dew  curve  (static  pressure  and  temperature  in  the  test  sect:on) 
of  the  stabilized  mixture  11“  0-,  and  89?  N~  forming  the  fluid  in  the  wind  tunnel  is  expressed  as  a  function 
of  the  stagnation  temperature,  the  stagnation  pressure  and  the  Mach  number  in  the  test  sectic  (Figure28). 
The  experimental  point  (T  =  93  K,P  =  2  bars,  M  =  0.8)  is  shown  on  this  graph  and  it  appears  that  a  stag¬ 
nation  temperature  T  100  K  is  fully  achievable  for  transonic  testing  up  to  a  stagnation  pressure  of  i 
liars. 

5.2.  Problems  of  Icing  and  Particle  Impacts  on  the  Profile 

Two  other  phenomena  were  demonstrated  during  initial  testing  on  the  CAST  7  profile,  C  --  150  hum-.  After 
the  particle  detection  tests  described  above,  the  alumina  pellet  drive  air  drying  system  was  reconsidered 

and  improved.  It  was  checked  that  it  allowed  a  dew  point  of  approximately  -80  C  to  be  achieved.  However, 

the  humidity  of  the  air  contained  in  the  wind  tunnel  circuit  when  idle,  which  during  cryogenic  test  periods 
remains  close-1  when  no  run  is  in  progress,  is  systemati cal  1  y  much  higher:  the  dew  point  is  approximately 
-  V.)  C.  Additional  testing  made  it  possible  to  attribute  this  phenomenon  to  retention  of  moisture  by  the  po¬ 
lyurethane  and  the  other  materials  used  for  internal  insulation  of  the  circuit.  These  materials  become 
-barged  with  water  when  the  circuit  remains  open  between  consecutive  test  periods  and  are  then  likely  to 
restore  the  water  vapor  to  the  dry  air  contained  in  the  wind  tunnel  after  a  test.  These  transfers  are  slow 
lasting  several  hours.  The  internal  insulation  is  a  buffer  storage  of  humidity  for  the  wind  tunnel  which 
is  very  difficult  to  drain  and  which  should  moreover  be  prevented  from  reabsorbing  water. 

When  the  normal  test  procedure  is  followed,  icing  of  the  profile  is  prevented:  in  the  precooling  box, 
the  profile  is  in  a  dry  atmosphere,  continuously  scavenged  by  nitrogen.  When  the  profile  is  introduced  in 
the  test  section,  the  humidity  of  the  circuit  has  already  been  reduced  by  injection  of  dry  rf  in  addition, 
the  remaining  water  vapor  condenses  as  ice  crystals  a  large  number  of  which  are  stopped  by  the  filter. 

However,  icing  occurs  immediately  if  the  cold  model  (T--  240  K)  is  introduced  in  the  wind  tunnel  when 

off.  Air  from  the  wind  tunnel  not  ir  use  must  also  be  prevented  from  entering  the  precooling  box. 

Another  troublesome  phenomenon  for  testing  is  the  observation  of  a  non-negl i gi ble  number  of  particle 
impacts  on  the  CAST  7  profile  in  the  region  of  the  leading  edge,  more  particularly  in  the  center  of  the 
flow.  The  ice  crystals  for  cryogenic  operation,  polyurethane  particles  from  the  surface  of  the  insulating 
foam  and  dusts  of  various  origins  present  in  the  circuit,  are  responsible,  but  we  are  unable  to  determine 
the  respective  share  of  these  agents.  This  phenomenon  is  all  the  more  sensitive  because  the  surface 
hardness  of  the  CAST  7  profile  is  relatively  lower  than  that  of  other  profiles  used  in  T2  during  operation 
at  room  temperature. 

Before  the  cryogenic  test  campaign  on  the  CAST  10  profile,  C  =  180  mm,  complete  cleaning  of  the  circuit 
with  refurbishing  of  the  dust  filter  was  conducted,  apparently  successfully,  since  practically  no  further 
particle  impacts  onthe  new  profile  were  detected  either  for  pressurized  operation  or  at  low  temperature .  It 
thus  also  seems  that  the  abrasive  effect  of  ice  crystals  can  be  considered  negligible. 

6.  TFSTING  OF  THE  CAST  7  PROFILE,  CHORD  =  150  mm  AT  HIGH  REYNOLDS  NUMBER 


6.1 .  Model  and  Instrumentation 
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ifsijn  .m-!  v  ru>  t  ion  of  this  CAST  7  profile  model  (figure  29),  designed  for  cryogenic  testing 
.'i  ’  ,  ic‘.  ,lit‘‘  tron  studies  conducted  b>  the  Direction  des  Grands  Moyens  d'Fssais  of  ONCRA  concerning  se- 
1  -•<  *  r o T ■  jt  M’t»  i-.iteri.il  best  suited  to  low  temperatures  and  the  assembly  minimizing  thermome'  hanical  const- 

iti-nil  selected  was  a  maraoing  steel,  MARVAL  18  ,  with  a  high  nickel  content. 

r*.-  i..!el  un.ludes  three  sections  (leading  edge,  upper  surface  and  trailing  edge,  lower  surface]  as- 
.%•  !  y  well'ng.  The-  hollow  section  separating  t tie  sections  as  well  as  the  slots  for  the  pressure  tubes 

r 1 »  »  ... '.r.p’e  wires  are  lined  with  nickel  felt  to  ensure  uniformity  of  the  thermal  mass.  One  of  the 

,r.rd  to  ittut>  the  profile  to  the  translation  system  in  the  precooling  system  and  the  ‘her  to  lock 
♦  -  i,v:  ;  !.iu*  in  the  test  section, 

! he  .  ro Mle  i : . i s  a  •  hor-.t  of  1  btJ  mi;  and  is  equipped  with  103  pressure  taps,  most  of  whic*  have  diameter 
'  ..  order  to  solve  problems,  in  particular  related  to  the  risk  of  tripping  transition,  taps 

:  ,  i  i-eter  3.1  mm)  are  provided  on  the  low  thickness  region  of  the  leading  edge  boundary 

r »•" ;  erat ures  are  monitor-  1  by  t H  copper- Constanta "  thermocouples  located  at  a  depth  of  1  mm  under 
.rut  ill-  surface  (Sec  -  -T .  1  .  j  Ten  thermocouples  are  distributed  along  the  center  chord  on  the  upper  and 
fewer  ir f.H.e  and  the  others  are  located  spanwise. 

Tk,e  »r-st.s  included  utilization  of  the  self-adapting  walls.  When  adaptation  is  achieved,  three  asso- 
ciited  pro  lies  explore  the  wike  transversely  one  half  chord  behind  the  trailing  edge.  The  two  pressure  probes, 
on*1  for  total  pressure  and  one  for  static  pressu  o.  have  a  sufficiently  short  response  time  for  rapid  ex¬ 
ploration,  over  a  total  tune  of  approximately  ID  s.  These  probes  use  two  miniature  Kulite  transducers  ope¬ 
rating  <■  variable  temperature ,  ’hiking  it  possible  to  reduce  the  volume  between  the  sensitive  membrane  and 
the  pressure  tap.  These  probes  are  supplemented  by  a  total  temperature  probe  (Sec.  4,1,). 

Integrating  the  static  pressure  distribution  on  the  profile  in  the  adapted  test  section  configuration 
provides  the  lift  coefficient  .  The  drag  coefficient  is  obtained  by  integrating  the  quantity  of  move¬ 
ment  loss  of  the  fluid  in  the  wake. 

6.2.  General  Test  Conditions 


These  .ests  are  con ‘ucted  with  transition  tripped  by  a  line  of  carborundum  grains  at  X/C  -  3*  from  the 
leading  edge.  Tests  with  free  transition  become  impossible  as  soon  as  the  Reynol  Js  number  based  on  the  chord 
reaches  6  million,  when  undue  trapping  of  the  transition  occurs  in  the  region  of  the  leading  edge,  irregular 
spanwise  up  to  Reynolds  numbers  of  about  10  million,  and  due  to  irregularities  in  the  profile  surface.  It 
is  probable  t!  it  the  particle  impacts  described  in  section  5.2.  contributed  to  reducing  the  Reynolds  number 
at  which  this  phenomenon  occurred . 

These  tests  are  conducted  at  Mad-  numbers  *>om  M  U.7  to  M  -  0.78,  stagnation  pressures  of  up  to  P 
-  3  bars  and  down  to  a  stagnation^temperature  T  10b  K.  The  Reynolds  number  based  c  i  the  chord  varies 
from  Re  •  j<1C°  to  Re.  ■  20x10°  .  A  large  number  of  tests  were  conducted  for  this  second  value  of  the 
Reynold^  number,  correspond i ng  to  the  tonfi gurat ion  ,‘T  110  K;  P.  2.5  bars/;  condensation  is  avoided  in 

the  overspeed  region* ML  1.2, on  the  upper  surface  (Fig. 28). 

t . '•> .  Mfpn  Results 

The  effect  of  the  Reynolds  number  on  the  test  case  M  -  0.76  and  a  =  0.3  degrees  was  studied  first. 

This  case  corresponds  to  a  lift  coefficient  of  approx n-atel  /  0.5  and  it  particular  gives  rise  to  correla¬ 
tion  testing  with  the  same  value  of  the  Reynold"  number  obtained  by  different  combinations  of  pressure  and 
temperature .  The  :  i  'jn.re  10  "hows  ♦  he  local  Mach  number  distributions  on  the  profile  for  the  same  Reynolds 
number.  Re.  hj.1i:'  *  obtained  at  room  temperature  for  a  stagnation  pressure  P  s  3  bars  and  at  low  pres¬ 
s-ire  Pj.  t’.e  bars  for  cryogenic  operation  at  T  190  K .  The  two  di  stn  but  ions  are  practically  the  same  in 
•  :iie  of  the  high  sensitivity  of  the  CAST  7  profile  to  the  test  conditions,  in  particular  concerning  the 
' u f  it  * o »  of  the  shock  wave  un  the  upper  surface.  The  good  definition  of  the  test  Mach  number  by  the  adap- 
f'  wills  also  contributes  to  this  result. 

The  figure  !.1  shows  the  Mach  number  distributions  on  the  profile  and  the  total  pressure  distributions 
•n  t  h»-  wake  for  the  case  M  •  0.76,  o  *0.3  degrees  for  three  different  values  of  the  Reynolds  number.  This 

♦■•nM-le  is  a  good  illustration  of  the  effect  of  an  increase  in  this  parameter. 

-  the  shock  wave  on  the  upper  surface  in  further  back  ,  wh’ ch  increases  the  extent  of  fhe  over¬ 
speed  region  and  creates  an  increase  in  the  lift 

-  in  the  wake,  the  loss  of  speed  decreases  in  the  pocket  corresponding  to  the  junction  of  the 

lower  surface  and  upper  surface  boundary  layers,  but  the  loss  increases  in  the  region  down¬ 
stream  of  the  shock  wave  on  the  upper  surface.  In  general  ,  the  first  phenomenon  predominates 
for  moderate  angles  of  attack  and  Mach  numbers  and  a  decrease  in  the  drag  coefficient  is  ob¬ 
tained  when  Re  increases.  However,  an  increase  in  the  can  be  observed  for  cases  where  the 

intensity  of  tfce  shock  wave  increases  considerably  as  Reu  increases,  i.e.  at  igh  angles  of 
attack  or  test  section  Mach  numbers. 

The  increase  in  the  lirt  coefficient  C  as  a  function  okthe  Reynolds  number,  for  the  case  (M  -  0 . 7b; 

•  »'?.  i  )  is  illustrated  in  the  figure  32  Lfor  interval  3x1u  '  Re^  <  21x10  . 

'ither  significant  results  of  this  campaign  of  tests  with  tripped  transition  are  given  in  the  Figures 

•:  and  34  : 

-  polar  curves  obtained  at  Reynolds  numbers  Re  ~  3x1 0^  and  Re  =  20x1 0^  for  a  Mach  number  in  the 
test  section  M  0.76:  a  sharp  increase  in  1  .'d  with  the  Reynolds  number  fs  observed 

-  fhe  variation  of  the  drag  coefficient  for  a  given  angle  of  attack  -n  =  +  0.3  as  a  function  of 
t.  hp  Mar  h  number  for  various  Reynolds  numbers.  Re  =3,8  and  20  million.  The  same  phenomenon  of  a  sharp  in¬ 
crease  in  drag  with  the  Mach  number  is  observed  Starting  from  a  value  between  M  =  0.75  and  M  -  0.76.  The 
phenomenon  is  amplified  at  a  high  Reynolds  number  since  lower  drag  coefficient  values  are  found  for  moderate 
Mach  numbers  and  higher  ones  for  high  Mach  numbers,of  approximately  0.78.  It  is  however  difficult  to  con¬ 
clude  on  a  significant  increase  in  the  drag  divergence  Mach  number  with  the  Reynolds  number. 
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i.i'NCt  U')  lufts  AND  PROSPECTS 

Ae rud/naimc  testing  at  high  Reynolds  numbers  are,  with  the  wall  adapting  methods,  obviously  the  main 
hifure  prospect  for  the  77  wind  tunnel.  Improving  operation  of  t  <e  facility  remain  j  constant  goal. 

from  the  standpoint  of  the  cryogenic  test  technique,  another  interesting  line  of  research  is  now  being 
approached:  building  of  metal  models  with  a  relatively  thin  skin,  only  a  few  millimeters  thick ,  which  could 
he  cooled  hy  the  flow  itself.  Interest  in  this  idea,  which  was  not  retained  for  the  first  cryogenic  models 
used  in  T.\  has  been  revived  in  t be  present  context:  satisfactory  operation  of  the  facility  as  a  whole  during 
long  runs,  of  a  duration  exceeding  100  s,  was  verified  (satisfactory  thermal  protection  of  pressuri zable 
steel  walls,  reliability  of  the  systems).  Better  experimental  data  have  been  obtained  on  the  time  required 
to  cool  a  metal  model  by  the  flow  and  a  run  starting  process  can  be  considered  which  achieves  a  good  tra¬ 
deoff  between  the  model  cooling  speed  and  liquid  nitrogen  consumption,  finally,  the  complexity  of  the  sys¬ 
tems  required  to  precool  and  introduce  in  the  test  section  models  more  complex  than  a  straight  profile 
(sweptback  profile,  half-model  with  fuselage  on  the  wall,  etc.)  is  a  final  argument. 
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Fig.  18  -  Transverse  flow  temperature  distribu¬ 
tion  in  the  test  section. 


Fig.  20  -  Surface  temperatures  on  the  insulated 
walls  of  the  test  section. 


Fig.  19  -  Total  temperature  explorations  near 
the  test  section  wall . 
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Fig.  21  -  Variations  with  time  of  the  model  tempe¬ 
rature  during  the  final  part  of  the  run. 


Fig.  22  -  Chordwise  model  temperature  distribution, 
and  theoric  adiabatic  wall  temperatures. 
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Fig.  24  -  Spanwise  model  temperature  distributions. 


Fig.  27  -  Particle  detection  during  a  run  at  very  low  temperature  Tt  =  95  K. 
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SUMMARY 

At  the  Research  Center  Gottingen  of  the  DFVLR  a  cryogenic  Ludwieg  tuj  e  wind  tunnel 
for  transonic  operation  is  under  construction.  The  tunnel,  having  an  effec  ive  run  tir,u- 
of  1  second,  a  test  section  of  0.4  x  0.35  m2 ,  and  a  stagnation  pressure  of  10  bars,  is 
to  be  operated  with  nitrogen  at  temperatures  between  ambient  and  120  i\,  achieving  a 
Reynolds  number  of  70  x  106  based  on  a  model  chord  of  0.15  m. 

In  addition  to  reviewing  the  Ludwieg  tube  concept,  this  lecture  presents  the  main 
features  of  design  and  operation  of  the  tunnel. 


NOTATION 

c 

Chord  of  two-dimensional  airfoil 

T 

Temperature 

L 

Length  of  the  charge  tube 

X 

Linear  dimension 

Ma 

Mach  n umber 

Subscripts 

P 

Pressure 

c 

Charge  conditions 

Re 

Reynolds  number 

t 

Stagnation  conditions 

S 

Cross-sectional  area  of  the  test 

ts 

Test  section 

section 

1 

Flow  conditions  in  the  charge  tube 

t 

Time 

1 . 

INTRODUCTION 

The  need  for  high  Reynolds  number  test  facilities  for  the  development  of  future  air¬ 
planes  in  Europe  led  to  the  decision  on  the  construction  of  the  European  Transonic  Wind- 
tunnel  (ETW)  which  is  expected  to  be  operational  in  1995.  Particularly  till  that  time, 
but  also  after  the  ETW  will  have  started  operation,  there  is  a  need  for  high  Reynolds 
number  transonic  research  capability  as  the  ETW  will  mainly  be  used  for  the  testing  of 
complete  airplane  configurations  and  the  use  for  research  purposes  will  be  limited. 

A  feasibility  study,  performed  at  DFVLR  in  1982,  concerning  a  research  facility  suited 
to  investigate  transonic  flow  phenomena  at  high  Reynolds  numbers  showed  that  the  require¬ 
ments  regarding  size,  performance  and  budget  limitations  could  best  be  met  by  a  Ludwieg 
tube  wind  tunnel  operated  at  cryogenic  temperatures.  A  proposal  for  the  design  and  con¬ 
struction  of  the  tunnel  was  approved  by  the  Board  of  Directors  of  the  DFVLR  in  the 
autumn  of  1982. 

2.  DESIGN  FEATURES 

2 . 1  The  cryogenic  Ludwieg  tube  concept 

Basically,  a  Ludwieg  tube  wind  tunnel  [11  is  a  blow  down  tunnel  with  a  very  long 
storage  vessel.  Therefore,  the  discharge  process  is  not  a  continuous  one  but  takes  place 
in  batches  with  constant  flow  parameters  for  each  batch.  The  gasdynamic  piocess  is 
sketched  in  Fig ,  1 ♦  The  high  pressure  tube  is  separated  from  the  low  pressure  dump  tank 
by  a  quick  opening  valve.  When  the  valve  is  opened,  an  expansion  wave,  whose  initial 
spread  is  given  by  the  opening  time  of  the  valve,  moves  upstream  into  the  tube  and  acce¬ 
lerates  the  gas  to  a  Mach  number  Ma ^  determined  by  the  area  ratio  of  the  sonic  thr oat  of 
the  valve  and  the  tube,  A*/Atube‘  T^e  parameters  behind  the  wave  (region  (T)  in 

Fig.  1)  are  constant  as  long  as  viscosity  effects  can  be  neglected.  The  measuring  time 
is  determined  by  the  time  it  takes  the  wave  to  travel  to  the  ?nd  of  the  tube  and  back  to 
the  test  section.  The  stagnation  conditions  (denoted  by  the  subscript  tl)  are  different 
from  the  charge  conditions  (denoted  by  c)  ,  Fig.  2  shows  the  ratios  Pt-j/Pc'  Tt1'/Tc*  1  he 
Mach  number  in  the  tube,  Mai,  and  the  length  AL  of  the  gas  column  passing  through  the 
test  section  as  functions  of  the  Mach  number  in  the  test  section,  Mats,  for  a  nozzle 
contraction  ratio  Atube/Ats  3,6  which  applies  to  the  tunnel  to  be  described  below. 

The  advantages  of  a  Ludwieg  tube  wind  tunnel  are 

-  simplicity  of  the  system, 

-  low  capital  cost, 

-  high  flow  quality  provided  the  running  time  is  not  too  long, 

-  high  discharge  efficiency  since  the  stagnation  pressure  is  higher  than  the  pressure  of 
the  gas  remaining  in  the  tube. 

For  cryogenic  use,  additional  advantages  are 

-  no  temperature  distorsions  due  to  LN2-injection, 


-  lower  stagnation  temperature  than  charge  temperature, 

-  extended  measuring  time  as  the  expansion  wave  moves  with  the  reduced  speed  of  sound. 

The  operating  costs  are  dependent  on  the  nitrogen  recovery  system;  they  can  be  kept 
low  compared  to  continuous  tunnels. 

Concerns  about  the  Ludwieg  tube  tunnel  are  dealing  mainly  with  the  short  run  time  and 
the  impairment  of  the  flow  quality  due  to  the  boundary  layer  growth  associated  with  a 
lonq  run  time  (long  tube)  or  a  small  tube  to  test  section  area  ratio  which  causes  varia¬ 
tion  of  the  flow  parameters  in  time  and  space  and  increases  the  turbulence  level. 

In  the  present  design,  this  has  been  obviated  by  choosing  a  relatively  high  contrac¬ 
tion  ratio  and  installing  a  boundary  layer  bleed  system  at  the  nozzle  inlet. 

2 . 2  Specifications  and  general  design 

The  basic  requirement  for  the  design  of  the  tunnel  was  to  obtain  a  Reynolds  number  of 
at  least  50  x  106  on  an  airfoil  model  at  transonic  speed.  For  reasons  of  manufacturing 
accuracy  we  have  considered  a  chord  of  150  mm  necessary  with  the  intention  of  increasing 
it  to  200  mm  when  an  adaptive  wall  test  section  is  available.  The  minimum  aspect  ratio 
of  an  airfoil  model  being  2  (2),  the  test  section  width  has  been  determined  to  be  400  mm. 
As  the  majority  of  investigations  is  expected  to  be  carried  out  on  wall  mounted  models, 
a  relatively  high  maximum  stagnation  pressure  of  10  bars  has  been  chosen,  yielding  a 
Reynolds  number  of  about  70  x  106  at  a  stagnation  temperature  of  120  K.  In  Fig .  3  the 
Ma,  Re-diagram  is  given  for  reference  lengths  of  200  mm,  150  mm  and  0.1 /S'  =  37.4  mm  to¬ 
gether  with  the  Ma ,  Re-envelope  of  the  ETW. 

Considering  flow  quality,  there  is  a  relationship  between  run  time  (i.e.  tube  length), 
tube  diameter  and  contraction  ratio  of  the  nozzle  which  determines  the  discharge  Mach 
number  in  the  tube.  In  the  present  case,  the  basic  requirement  was  a  run  time  of 
1  second  at  cryogenic  temperatures  resulting  in  a  charge  tube  length  of  about  130  m.  To 
keep  the  maximum  discharge  Mach  number  sufficiently  low,  t. e  contraction  ratio  has  been 
chosen  to  be  3.6,  yielding  a  boundary  layer  displacement  thickness  of  less  than  6  *  of 
the  radius  at  moderate  stagnation  pressures  and  ambient  temperature.  At  cryogenic  tempe¬ 
ratures  and  high  pressures  the  displacement  thickness  is  less  than  4  %  of  the  tube 
radius . 

A  sketch  of  the  general  tunnel  arrangement  is  given  in  Fig.  4.  There  are  two  main 
shut-off  devices,  separating  the  test  section  from  the  tube  and  the  dump  tank.  The  main 
starting  device  is  located  downstream  of  the  test  section  and  includes  the  sonic  throat 
for  Mach  number  control  (see  2.3.3).  The  gate  valve  upstream  of  the  nozzle  separates  two 
charging  and  temperature  conditioning  loops:  Tube  and  test  section  (i.e.  model)  tempera¬ 
ture  can  be  adjusted  independently  offering  the  possibility  of  preconditioning  the  model 
to  the  correct  temperature.  By  this,  a  putative  disadvantage  of  cryogenic  intermittent 
wind  tunnels  can  be  avoided.  In  addition,  the  gate  valve  prevents  air  from  entering  the 
tube  when  the  test  section  is  opened  or  removed. 

Upstream  of  the  gate  valve  and  downstream  of  the  starting  device,  there  are  two 
thrust  stands  taking  the  reaction  forces.  The  contraction  due  to  cooling  between  the 
stands  will  be  compensated  by  a  bellows  upstream  of  the  rear  stand;  for  the  same  reason 
the  dump  tank  is  seated  on  sliding  supports  and  the  charge  tube  on  rolls. 

The  entire  wind  tunnel  will  be  manufactured  of  stainless  steel,  German  standard 
X  10  CrNiTi  189  (equivalent  to  Z6  CNT  18-11  (France),  321  S12  (UK),  AISI  321  (USA)), 

except  the  nozzle  and  the  part  connecting  the  test  section  and  the  quick  opening  valve 
which  will  be  made  of  cast  steel. 

The  external  insulation  is  not  yet  designed  in  detail  for  all  parts.  The  insulating 
material  for  the  tube  is  mineral  wool  covered  by  a  vapor  barrier  and  a  layer  of  glass 
iber  reinforced  epoxy  for  protection.  Every  twelve  meters,  the  tube  is  supported  by 
rings  of  plywood  without  any  metal  connection  between  the  shell  and  the  external  support 
ensuring  a  uniform  temperature  along  the  tube.  A  nitrogen  purge  system  will  maintain  the 
entire  insulation  at  an  overpressure  of  20  to  50  mbars  to  preclude  entry  of  air  or 
moisture . 

2 . 3  Description  of  essential  components 

2.3.1  Nozzle  with  gas  feeding  and  boundary  layer  bleed  system 

Since  ir  a  Ludwieg  tube  tunnel  the  gas  is  accelerated  from  the  state  of  rest,  the 
initial  turbulence  level  is  very  low.  However,  during  the  measuring  period,  the  boundary 
layer  growing  along  the  charge  tube  affects  both  the  stagnation  conditions  and  the  tur¬ 
bulence  level.  The  first  effect  can  be  comp*-,.  ated  by  a  continuous  re-adjustment  of  the 
control  valve.  In  general,  the  turbulence  level  in  the  test  section  could  be  reduced  by 
increasing  the  contraction  ratio  (i.e.  the  tube  diameter)  or  by  insertion  of  a  conical 
diffusor  and  a  settling  chamber  with  creens  (31 .  These  approaches  are  costly  and,  in  the 
case  of  the  settling  chamber,  detrimental  to  the  performance  of  the  tunnel  since  the 
starting  time  would  increase  reducing  the  run  time.  In  the  present  case,  a  boundary 
layer  bleed  system  has  been  designed  which  is  located  at  the  entrance  of  t..e  nozzle 
(Fig.  5 ) .  A  sliding  cylinder,  moving  from  the  annular  space  surrounding  the  nozzle  in 
upstream  direction  and  thereby  covering  the  openings  left  by  the  gate  and  the  feeding 
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ring,  opens  an  annular  yap  which  allows  the  boundary  layer  to  enter  the  low  pressure  an¬ 
nulus.  We  propose  to  control  the  bleed  mass  flow  rate  by  adjusting  the  gap  width  accor¬ 
ding  to  the  boundary  layer  displacement  thickness. 


The  fixed  contour  nozzle  is  made  of  austenitic  cast  steel.  The  cross  section  changes 
from  a  circle  at  the  lip  of  the  bleeding  system  to  a  rectangle  of  400  mm  by  350  mm  at 
the  exit.  The  design  of  the  bleed  system  entails  a  very  gradual  contraction  at  the 
m>z/le  entrance,  thus  preventing  boundary  layer  separation  in  front  of  the  lip. 

2  .  2  Test  section 

A  sectional  view  of  the  test  section  is  schematically  given  in  Fig .  6 .  The  test  sec¬ 
tion  comprises  four  walls  bolted  together  along  the  corners.  The  sidewalls  consist  of  a 
double-wall  structure  stiffened  by  wehs  and  forming  a  chamber  which  is  to  be  kept  at 
about  the  same  pressure  as  the  test  section  before  and  during  a  run  in  order  to  enable 
the  turn  table  to  be  roved  and  to  protect  the  inner  pane  of  the  window.  The  pressure 
equalization  is  to  be  accomplished  by  slots  or  flaps  in  the  rear  part  of  the  test  sec- 
t  ion. 

The  upper  and  lower  walls  are  single  wall  structures  with  external  stiffening  ribs. 

The  exchangeable  slats  form  a  plenum  chamber  whose  volume  is  about  20  %  of  the  test 
section  volume. 

In  view  of  the  future  usage  with  flexible  walls,  the  test  section  has  a  length  of 
10  model  chords,  i.e.  2.0  m,  not  included  the  length  for  the  re-entry  flaps.  These  are 
located  in  a  separate  section  downstream  of  the  test  section  which  will  be  used  for  the 
installation  of  a  sting  support  system  as  well. 

The  present  design  of  the  test  section  has  deliberately  been  kept  simule  as  it  will 
mainly  be  used  for  the  verification  of  the  tunnel  concept,  calibration,  and  comparative 
measurements  to  verify  the  performance  and  flow  quality  of  the  tunnel.  Thus,  no  sophisti¬ 
cated  model  support  and  handling  system  has  been  designed.  There  are  turntables  in  the 
side  walls  to  mount  a  two-dimensional  model  and  openings  in  the  upper  and  lower  walls 
for  the  installation  of  movable  probes. 

2.3.3  Diffusor  and  main  starting  device 

The  crucial  components  of  a  Ludwieg  tube  wind  tunnel  are  the  quick-opening  valve 
which  starts  the  flow  and  the  sonic-throat  diffusor  which  controls  the  Mach  number  in  the 
test  section.  Both  functions  have  been  combined  in  the  fast-acting  control  valve 
sketched  in  Fig.  7, 

The  valve  consists  of  an  enlarged  tube  with  a  centre  body  which  contains  two  hydrau¬ 
lic  actuators  used  to  operate  the  control  cone  and  the  sliding  cylinder.  The  essential 
requirement  placed  on  the  control  device  is  a  high  accuracy  and  reproducibility  of  the 
cone  location  in  order  to  accurately  adjust  the  test  section  Mach  number.  -  The  sliding 
cylinder  at  the  rear  of  the  valve  starts  the  flow  by  moving  downstream.  The  opening 
time  determines  the  starting  time  and,  therefore,  has  to  be  a  small  fraction  of  the  run 
time. 

The  centerbody  is  insulated  on  the  inside;  the  temperature  will  be  controlled  by 
electrical  heating. 

3.  PROPOSED  OPERATIONAL  PROCEDURE 
i .  1  Calibration 

According  to  the  opei  iona 1  principle  of  a  Ludwieg  tube  tunnel,  the  stagnation  con¬ 
ditions  of  the  flow  can  be  derived  from  the  charging  conditions,  if,  e.g.,  the  static 
pressure  in  the  tube  is  known  during  the  run.  Basically,  from  this  set  of  values  the 
tube  Mach  number  and  the  test  section  Mach  number  can  be  derived.  Thus,  importance  will 
be  attached  to  the  accurate  measurement  of  the  charging  pressure  and  temperature. 

For  a  steady  stagnation  temperature  during  the  run,  che  uniformity  of  the  charging 
tempe i at ure  along  the  tube,  however,  at  least  over  the  first  third  of  the  tube  length, 
is  an  important  requirement.  To  accomplish  a  uniform  temperature,  a  fan  circulates  the 
gas  through  the  charge  tube  back  to  an  LN2“in jection  device  (see  Fig.  4).  During  cali¬ 
bration,  an  appropriate  procedure  of  adjusting  and  equalizing  the  temperature  will  be 
developed  by  means  of  derailed  temperature  measurements  inside  the  tube.  After  the 
procedure  y \s  been  established,  the  thermocouples  will  be  removed  from  the  interior  of 
the  tube  and  the  charging  conditions  will  be  measured  only  at  one  location  upstream  of 
the  nozzle  entrance. 

Calibration  of  the  test  section  will  be  performed  by  pressure  measurements  along  the 
walls  and  pitot  and  static  pressure  surveys  across  the  test  section.  Emphasis  will  be 
placed  on  the  effect  of  the  boundary  layer  bleed  system  and  the  correct  adjustment  of 
the  bleed  mass  flow  rate.  In  addition,  tests  concerned  with  the  evacuation  of  the  cham¬ 
bers  surrounding  the  test  section  proper  will  be  carried  out.  Also  planned  are  measuxe- 
ments  to  determine  pressure  fluctuations  induced  by  the  various  slot  and  flap  arrange¬ 
ments  downstream  of  the  test  section. 
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3 . 2  Test  procedure 

For  a  test  to  be  run,  the  following  steps  have  to  be  carried  out: 

-  Cooling  down  and  charging  of  the  tube  and  the  test  section  according  to  the  Reynolds 
number  and  Mach  number  required 

-  Adjustment  of  the  control  valve 

-  Openinq  of  the  gate  valve 

-  Closing  of  the  gaps  at  the  gate  valve  and  the  G^-in ject ion  device  by  the  sliding 
cylinder 

-  Starting  of  the  flow  by  opening  of  the  fast-acting  valve 

-  Closing  of  the  valve  after  the  data  have  been  taken 

-  Closing  of  the  gate  valve  after  retraction  of  the  sliding  cylinder. 

The  charge  time  will  be  about  5  to  10  minutes  dependent  on  the  stagnation  pressure. 

4 .  STATUS  OF  THE  PROJECT 


At  the  time  this  lecture  is  being  presented,  most  of  the  design  work  will  be  com¬ 
pleted,  The  design  was  performed  in-house  except  for  the  variable  dif f usor/quick  ope¬ 
ning  valve  whose  final  design  and  manufacture  is  carried  out  by  a  contractor.  Some  of 
the  hardware,  like  the  new  building,  the  supports  for  the  tube,  and  the  dump  tank,  is 
erected.  The  tube  will  be  installed  and  insulated  in  spring. 

The  pressure  testing  of  the  tube  will  be  performed  in  situ  with  water.  All  other 
parts  are  tested  by  the  manufacturer  before  delivery.  After  assembly,  a  pressure  test 
will  be  carried  out  with  air.  All  tests  will  be  supervised  by  the  German  Technical 
Control  Board. 

The  final  part  to  be  installed  is  the  dif fusor /fast-acting  valve,  whose  delivery  is 
expected  in  winter  1985-86. 

5.  PLANS 

The  first  tests  and  the  calibration  of  the  tunnel  will  be  performed  in  an  open  cir¬ 
cuit,  i.e.,  the  test  gas  will  be  blown  off  from  the  tank  during  recharging  of  the  tube 
from  the  LN2-storage.  After  verification  of  the  performance  of  the  tunnel,  we  plan  to 
close  the  circuit  by  installation  of  a  compressor  and  a  heat  exchanger  to  considerably 
reduce  the  operating  costs  (Fig.  8) .  In  addition,  we  intend  to  increase  the  Reynolds 
number  capability  of  the  tunnel  by  replacing  the  upper  and  lower  test  section  walls  by 
adaptive  walls.  Furthermore,  the  installation  of  a  more  convenient  model  handling 
system  is  considered. 
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Summa  r  y 

The  KKK-project  aimes  at  the  modification  of  a  low-speed  wind  tunnel  to  cryoqenic 

operation.  The  basis  for  this  decision  of  the  DFVLR  consisted  in  establishing  a 

possibility  at  a  reasonable  price  for  qathering  the  know-how  for  the  later  use  of  the 

European  Transonic  Windtunnel,  ETW.  The  construction  is  essentially  completed  and  has 

required  a  time  of  about  five  years.  The  facility  with  a  test  section  of 

2.4  m  x  2.4  m  has  been  designed  to  operate  in  a  temperature  range  from  100  K  to 

500  K.  The  checkout  of  all  systems  will  start  in  April  19ft1?  . 


1 .  I nt  roduct i on 

The  way  to  achieve  high  Reynolds  numbers  by  using  a  fluid  with  extremely  low  tempera¬ 
tures  is  followed  consequently  at  the  modification  of  the  low-speed  wind  tunnel  of 
the  OEVLR  in  Cologne  (l,2l.  According  to  this  principle  the  0.3  meter  transsonic 
cryogenic  wind  tunnel  at  Langley  is  operating  since  1973;  the  T2  tunnel  of  the  0NERA 
in  Toulouse  and  the  NTT  at  Langley  since  recent  time  [3,  4,  5]  . 


It  is  possible  to  vary  the  temperature  of  the  test  gas  in  a  range  between  100  K  and 
300  K  by  blowinq  liquid  nitroqen  ( L  N  2  ^  into  the  circuit.  The  function  between  the 
Re-number  and  the  temperature  of  the  fluid  at  a  constant  fan  power  is 


Re 


T 


-1,55 


(i) 


so  the  Reynolds  number  can  be  increased  by  a  factor  of  5.5  by  decreasing  the  flow 
temperature  to  a  value  of  100  K  [6] .  In  the  case  of  the  KKK  an  increase  of  the 
Reynolds  number  above  this  level  by  using  hiqher  pressures  is  not  possible,  because 
the  construction  of  the  shell  cannot  stand  the  resulting  stress. 

Besides  the  advantage  of  achieving  higher  Reynolds  numbers  at  evidently  lower  drive 
power  than  in  conventional  tunnels  a  cryoqenic  wind  tunnel  offers  another  one.  Beyond 
the  parameters  velocity  and  stagnation  pressure  which  are  also  operationally  variable 
in  conventional  wind  tunnels,  in  a  cryogenic  tunnel  in  addition  the  stagnation  tempe¬ 
rature  can  be  varied.  Therefore  a  separation  of  the  influences  of  Mach  number, 
Reynolds  number  and  dynamic  pressure  (deformation)  on  the  test  results  is  possible. 

In  the  final  analysis,  the  additional  testing  versatility  offered  by  using  the 
temperature  as  a  variable  may  be  as  valuable  to  the  researcher  as  the  ability  to 
achieve  full-scale  values  of  Reynolds  number. 

The  project  KKK  is  to  be  seen  in  connection  with  the  European  project  ETW.  The  fact 
that  KKK  and  ETW  have  nearly  the  same  test  cross-sections,  turned  out  to  be  an 
essential  advantage.  In  both  tunnels  the  same  models  can  be  tested  and  there  is 
additionally  an  overlap  in  the  operation  range.  During  the  phases  of  desiqn, 
construction  and  operation  of  the  ETW  the  scope  of  the  KKK  presents  the  following 
items: 


-  support  for  the  national  and  European  programmes  of 
wind  tunnel  cr y o- t echno l oqy 
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-  development  of  model-  and  experimental  techniques 
under  eryoqenic  conditions 

-  development  of  an  European  know-how  for  the 
operating  of  large  cryogenic  research  installations 


-  functional  prove  of  ETW  models 

-  realization  of  low  cost  experiments  at  lower 
Reynolds  numbers  and  Mach  numbers. 

The  modified  tunnel  has  the  following  data: 


Test  section  dimensions 
Model  wing  span 

Static  pressure  in  the  test  section 

Temperature  range 

Max.  Mach  number  (100  K) 

Max.  Reynolds  number 
Fan  power 

Loss  coefficient  (calculated) 


2.4  m  x  2.4  m 

1.5  m 

a  t  mosphe  r  i  c 
inO  K  to  300  K 
0.  38 

8.9  X  LO6 


1  MW 
0.22 


The  Re-Ma  number  capability  of  the  tunnel  is  shown  in  Fig.  1  calculated  for  a  model 
loss  coefficient  of  =  0.03. 


Starting  in  the  autumn  of  1978  through  the  year  1979  studies  (l,  7l  were  conducted  to 
develop  a  modification  concept  for  a  cryogenic  mode  of  operation  of  the  3  m  wind 
tunnel  of  DFVLR  at  Cologne  [81.  The  go-ahead  for  the  project  has  been  decided  in  May 
1980.  Design  and  construction  of  the  facility  lasted  a  period  of  nearly  five  years 
and  will  be  completed  in  March  1985.  First  checkouts  were  performed  for  the  model 
conditioning  room,  the  liquid  nitrogen  system  and  the  exhaust  system  under  cryogenic 
conditions  as  well  as  for  the  fan  under  ambient  conditions.  The  calibration  phase  of 
all  components  will  start  in  April  1985. 


This  paper  describes  the  facility  components,  especially  the  control  system  and 
discuss  the  status  and  presents  the  calibration  plans. 


2 .  Description  of  the  facility 

An  aerial  view  of  the  KKK,  as  it  presents  itself  todayr  is  shown  in  Fig.  2 .  Note  the 
two  liquid  nitrogen  tanks,  and  the  stack  of  the  exhaust  system  with  its  location  near 
the  second  cross  leg  inside  the  circuit. 

The  aerodynamic  circuit  and  other  typical  features  of  a  cryogenic  tunnel  are  shown  in 
Fig.  3 .  All  components,  except  the  shell,  had  to  be  replaced  by  components  with 
suitable  material  characteristics.  Furthermore,  the  KKK  has  some  unconventional 
features,  which  are  necessary  for  cryogenic  wind  tunnel  testings  a  test  section 
including  an  access  lock  and  a  model  conditioning  room,  a  liquid  nitrogen  injection 
system,  a  fan  driven  exhaust  system,  an  internal  insulation,  and  last  not  least  a 
control  system. 
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2 . 1  Test  section,  Access  lock,  and  Model  Conditioning  Room 

The  contraction,  with  a  transition  from  an  octogonal  cross-sect i on  in  the  settling 
chamber  to  a  square  cross-section  in  the  test  section,  has  an  area  ratio  of  10.5  to  1 
(Fig.  4).  The  test  section,  as  shown  in  Fig.  5,  is  5.4  m  long  and  2.4  m  square  with  a 

2 

cross-section  area  of  5.76  m  .  The  top  and  the  bottom  walls  are  parallel,  the  side 
walls  are  slightly  divergent  with  provision  for  4  windows  (Fig.  6 ) .  In  general, 
models  will  be  sting  supported  by  a  circular  arc  strut  permitting  a  pitch  range  of  50 
deqrees  with  a  change  rate  of  0.2  degrees  per  second.  The  model  roll  angle  range  is 
90  degrees  at  0.5  degrees  per  second.  Sideslip  angles  are  obtained  by  combinations 
of  pitch  and  roll. 

Below  the  test  section  the  access  lock  and  the  model  conditioning  room  are  located 
(Fig.  7) . 


After  a  test  run  the  model  support  is  lowered  from  the  tunnel  into  the  lock.  Then  the 
lock  is  separated  from  the  tunnel  by  a  horizontal  door,  which  when  the  tunnel  is  run¬ 
ning  is  stored  in  a  parking  room.  For  model  changes  the  interior  of  the  closed  lock 
is  warmed  up  to  ambient  temperature  by  blowing  in  warm  gaseous  nitroqen  (GN^).  A  hea¬ 
ting  system  has  been  installed,  which  heats  and  recirculates  the  to  the  access 
lock.  Before  human  entry  dry  air  will  be  blown  in.  The  estimated  access  time  to  the 
lock  will  take  approximately  4  hours,  because  the  great  masses  of  the  model  support 
and  lifting  systems  have  to  be  warmed  up  to  ambient  temperature. 

For  minor  changes,  for  example  a  flap  angle  change,  the  model  is  shifted  into  the 
model  conditioning  room.  In  this  small  room  the  warm  up  process  can  be  carried  out  in 
about  30  minutes  time.  To  use  the  model  conditioning  room  is  considerably  cheaper 
than  the  lock,  because  the  ratio  of  the  operating  costs  is  1  to  10.  Therefore  the 
effectivity  of  the  KKK  is  greatly  increased.  The  doors  of  the  lock  and  the  model 
conditioning  room  have  provision  for  windows  and  several  smaller  ports  for  lighting 
and  handling  of  the  model. 

All  movements  in  the  lock  and  in  the  model  conditioning  room  are  controlled  by  a 
microcomputer  from  the  control  panel  which  can  be  seen  in  the  foreground  of  Fig.  7 . 


2 . 2  fan  and  Drive  System 

The  fan  has  a  diameter  of  4.3  m  (Fig.  8 )  and  is  powered  hy  a  1  MW  variable  speed 
induction  motor.  The  fan  has  some  specifications,  which  permit  operation  at  very  low 
t  empp  ratures: 

-  The  fan  lies  on  an  assembly  of  prestrained  springs, 
which  permit  a  change  of  diameter  due  to  temperature 
change  up  to  12  mm.  These  bearings  are  heated. 
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-  The  Tan  axis  is  supporter!  only  in  the  cylindrical  part 
of  the  nacelle,  in  order  to  prevent  additional  tensions 
due  to  temperature  decrease. 

-  Ourinq  cryogenic  operation  of  the  wind  tunnel,  the 
inside  of  the  nacelle  will  be  ventilated  with  warm 
GN£  to  keep  the  temperature  of  the  bearinqs,  coup¬ 
lings  and  shaft  at  approximately  300  K.  The  pressure  of 
the  warm  circulating  gas  is  higher  than  the  static  wind 
tunnel  pressure  to  prevent  cold  gas  penetrating  from 
the  tunnel  into  the  fan  nacelle. 

-  The  main  bearing  is  lubricated  with  warm  oil. 

-  important  supply  and  control  systems  are  redundant  for 
safety  reasons  during  operation. 

-  for  material  pairings  only  materials  with  indentical 
physical  characteristics  are  used. 

A  view  of  the  installed  fan  can  be  seen  in  fig.  9 .  Note  the  struts  in  the  foreground, 
which  support  the  nacelle.  The  fan  has  12  blades  and  19  guide-vanes. 


2 . 3  Liquid  Nitrogen  System 

The  liquid  nitrogen  is  injected  into  the  gas  stream  with  a  system  of  small  nozzle- 
behind  the  corner  vane  2.  The  station  of  injection  is  located  more  than  80  m  upstream 
of  the  test  section  to  ensure  that  the  temperature  unequalities,  originated  by  the 
injection,  will  vanish  at  the  entrance  of  the  test  section. 

For  the  specification  of  the  injection  system  theoretical  calculations  and  experi¬ 
mental  tests  were  carried  out.  With  the  aid  of  an  evaporation  and  mixing  model 
calculation  for  the  interaction  between  the  and  the  gas  flow  the  optimum 
distribution  of  the  coldsources  could  be  estimated  [9].  In  the  mathematical  model  the 
tunnel  cross-section  at  the  injection  station  was  divided  into  finite  elements  and 
the  positions  of  the  coldsources  were  varied.  Because  of  the  tunnel  symmetry  it  was 
sufficient  to  calculate  only  the  mixing  in  one  eigth  of  the  cross-section,  the  result 
of  which  is  shown  in  Fig,  10 .  The  maximum  local  temperature  difference  is  plotted 
versus  the  mixing  length  for  different  injection  locations.  The  qas  temperature  is 
lnfl  K,  the  tunnel  has  maximum  speed  (70  m/s  in  the  test  section)  and  the  massflux  LN2 
is  A . 8  kg/s . 

The  calculations  have  shown,  that  the  temperature  peak  decreases  rapidly,  if  one 
coldsource  is  surrounded  by  as  many  free  elements  as  possible.  This  is  essentially 
true  for  the  elements  9  and  16.  The  centerline  injection,  i.e.  element  1,  is  most 
di sadvant ageous . 
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The  results  obtained  by  calculations  were  checked  in  a  pilot  tunnel  scaled  1  :  H  to 
the  KKK  flO,  111.  The  temperature  distribution  could  be  measured  in  6  cross-sect i ons 
from  the  injection  station  downstream  to  the  test  section.  The  ratio  of  massf luxes  of 
the  streaminq  qas  to  the  injected  LN^  and  the  direction  of  injection  was  varied. 

It  could  be  seen  that  with  the  injection  in  reverse  direction  to  the  gas  the  most  in¬ 
tensive  mixing  and  so  the  most  rapid  decrease  of  the  temperature  peaks  took  place. 
But  because  in  this  case  an  exact  control  of  the  massf lux  was  only  possible  at  hiqher 
regulation  pressures,  the  injection  direct  ion  was  chosen  perpendi cui ar  to  the  gas 
stream,  which  guarantees  a  good  mixing  as  well.  In  Fig.  11  one  experimental  result  of 
the  injection  parallel  to  the  gas  stream  is  shown.  The  ratio  of  massflux  was 
mRN  /™ln  anC*  velocity  the  lest  section  was  20  m/s.  It  can  be  seen,  that  in 
a  distance  of  one  tunne I d i ameter  downstream  of  the  injection  station  the  temperature 
difference  between  peak  and  qas  has  o  value  of  AT  s  50  K.  After  a  mixing  length  of  11 
t unne 1 d i amet ers  -  the  location  of  the  test  section  -  the  value  is  AT  <;  1.5  k.  The 
requirement  of  IN^  for  a  steady  state  operation  is  shown  in  Fig.  12  with  the  fan 
power  as  a  parameter.  Without  takinq  into  account  the  heat  transfer  throuqh  the 
insulation,  the  L^-massflow  reaches  values  between  D.l  kg/s  and  4.6  kg/s.  For  tunnel 
cool-down  and  run-up  the  requirement  of  is  nearly  twice  as  high. 

The  L^-system  is  designed  for  a  range  of  LN2-massflux  between  0.1  kg/s  and  10  kg/s 
[121.  The  LN^-system  consists  of  two  tanks,  the  pump  station,  and  the  injection 
assembly  (Fig.  13).  The  store  capacity  of  both  tanks  is  sufficient  to  cool  down  the 
tunnel  to  100  K  and  to  carry  out  an  average  experimental  operation  for  some  days.  tn 
all  3  pumps,  which  can  be  driven  in  a  single  or  a  parallel  mode,  the  pressure  is 
increased  up  to  25  bar.  The  control  of  the  amount  of  LN^  is  done  with  10  pneumati¬ 
cally  driven  control  valves,  which  are  mounted  outside  of  the  tunnel  and  which  are 
variable  in  their  massfluxes  to  cover  seamlessly  the  whole  range  (Fig.  14 ) . 

For  small  massflux  rates  of  LN2  the  injection  will  be  achieved  by  the  help  of  the 
pressurized  tanks  (5  bar),  for  rates  higher  than  1  kq/s  by  usinq  the  pumps.  8y  this 
method  strong  throttling  of  the  pumps  for  the  case  of  a  low  massflux  is  avoided,  by 
which  the  LN^  would  be  warmed  up  about  10  K  or  more. 

The  operation  using  the  tank  pressure  in  the  range  of  a  low  massflux  has  the 
advantage,  that  the  tunnel  can  be  kept  cold  economically  during  stand-by. 

For  the  control  of  the  tunnel  the  knowledge  of  the  dynamic  behaviour  of  the 
L^-system  is  necessary.  For  the  corresponding  experiments  the  nozzle  rakes  were 
mounted  outside  the  tunnel  (Fig.  15).  The  experiments  have  shown,  that  even  with 
rapid  ,  unsteady  changes  of  20?l  of  the  working  ranqe  of  the  control  valves  the 
respond  times  to  regulate  the  pressure  are  only  in  the  order  of  1  second. 


2 . 4  Exhaust  and  Blow- In  System 

The  exhaust  system  is  located  in  the  second  cross  leg,  because  thpre  is  the  highest 
static-  pressure  of  the  t unne 1  and  the  lowest  velocity  which  allows  a  rather  inter¬ 
ference  -  f  r  er  blow  oft  (tig.  1 6 ) .  The  tunnel  pressure  is  controlled  by  0  pneumat  i ra 1  1  v 
operated  valve,  which  is  installed  in  the  pipe  between  tunnel  and  the  stack  1 20  m 
high).  For  low  tunnel  pressures  the  gaseous  nitrogen  will  be  sucked  out  by  an 
in  |ector  using  ambient.  air,  which  is  induced  by  a  fan  I  15).  The  fan  has  a  maximum 
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massflux  of  10  kq/s  of  ambient  air.  Because  the  requlating  valve  for  the  cold  GN ^  is 
designed  for  the  same  massflux,  a  massflux  ratio  air  to  of  1  :  1  at  an  operation 
temperature  of  1  fl 0  K  is  obtained.  In  addition  there  is  another  openinq  at  the  inlet 
of  the  stack,  throuqh  which  ambient  air  can  be  sucked,  to  increase  the  qas 
temperature  and  the  amount  of  oxygen  [I4l.  To  prevent  possible  freezinq  inside  the 
stack,  there  are  provisions  to  blow  in  warm  nitroqen  qas  throuqh  a  slot  near  the 
wail,  6  m  downstream  of  the  inlet,  as  can  be  seen  in  fig,  16. 

The  stack  consists  of  a  double  tube:  the  outer  tube  with  a  diameter  of  0.8  m  forms 
the  structure  and  is  manufactured  of  plain  steel.  Therein  the  thin  walled  inner  tube 
with  0.6  m  in  diameter,  through  which  the  cold  gas  streams,  is  suspended.  The  slot 
between  the  tubes  is  ventilated. 


In  October  1984  functional  tests  with  the  exhaust  system  with  real  massfluxes  of  cold 
qas  and  warm  ambient  air  were  carried  out  successfully  (Fig.  17).  With  massfluxes  of 
10  kq/s  and  a  GN2”^emPera^ure  of  100  K  the  velocity  at  the  stack  exit  was  about 
45  m/s,  the  temperature  220  K  and  the  02~concent  rat  i  on  12%.  Even  at  an  air  humidity 
of  96%  the  G^-cloud  had  an  expansion  of  less  than  50  m.  There  was  no  forming  of  ice 
in  the  stack;  the  complete  installation  worked  without  problems. 

Below  the  before-mentioned  pipe,  which  is  part  of  the  exhaust  system,  there  are  two 
more  connections  to  the  circuit.  One  is  connected  to  the  relief  system  and  the  second 
one  belongs  to  the  gaseous  nitrogen  injection  system.  Due  to  the  given  pressure  limit 
the  priority  lies  with  the  relief  system  (Fig.  18 ) .  As  already  mentioned,  the  static 
pressure  in  the  test  section  has  to  be  the  same  as  the  static  pressure  outside  the 
tunnel,  in  ordeT'  to  prevent  an  overload  of  the  concrete  shell.  Therefore  the  massflux 
inside  the  tunnel  has  to  be  increased  proportionally  to  the  total  pressure  during  the 
run-up  phase,  and  warm  G^  as  well  as  have  to  be  injected  to  keep  the  test  gas 
temperature  constant.  The  massflux  rates  of  both  mediums  are  controlled  by  a 
comput  e  r . 


2 . 5  Internal  Insulation  of  the  Tunnel 

5pecial  care  had  to  be  taken  in  the  design  of  the  insulation  system,  because  the 
tunnel  is  operating  at  slightly  higher  pressures  after  modification  than  it  was 
oriqinally  designed  for.  Therefore  additional  stresses  due  to  temperature  differences 
had  to  be  minimized.  It  took  a  three  years  effort  to  develop  a  suitable  system,  be¬ 
cause  there  was  no  commercial  insulation  concept  available  for  a  temperature  differen¬ 
ce  of  20fl  K  between  both  sides  of  the  insulation  and  a  heat  transfer  rate  lower  than 
15  W/m2-h. 

First  a  mathematical  model  of  the  insulation  was  developed  and  the  local  stresses 
were  calculated  for  different  configurations  and  materials  [  15  ]  using  the  method  of 

finite  elements.  Because  of  the  hiqh  extension  coefficients  of  the  insulation 

2 

materials  it  was  found  to  be  necessary  to  divide  the  whole  tunnel  surface  of  2500  m 
into  panels  of  1  m  x  1  m  each.  The  calculation  resulted  in  a  heiqht  of  the  insulation 
of  0.32  m  for  the  given  heat  transfer  rate.  The  insulation  consists  of  several  layers 
of  materials  with  different  physical  rha rac t e r i s t i cs  and  tasks,  because  the  panels 
would  not  only  shrink,  but  there  would  be  serious  deformations  as  well.  Fig.  19 


compares  a  panel  with  and  without  a  temperature  difference  betwpen  the  inner  and  the 
outer  sides.  It  can  be  seen,  that  the  panel  bulges.  The  middle  section  moves  into  the 
dir-ction  of  the  warmer  part  while  the  edqes  move  towards  the  region  of  lower 
temperatures.  Because  these  movements  are  not  allowed  to  produce  additional  tensions 
in  the  insulation,  the  hatched  layer  in  fig.  19  has  to  consist  of  an  elastic 
material.  The  ideal  material  for  this  layer  proved  to  be  elastified  Polystyrol,  which 
was  especially  developed  for  this  task.  It  is  unisotropic  and  permits  an  elonqation 
up  to  H0%  into  one  direc1  ion,  but  only  up  to  *>%  in  the  other  directions.  Elonqation 
and  shrinkage  in  the  installed  panels  are  less  than  15%.  Successful  tests  were 
carried  out  in  the  eryoqenic  test  assembly  of  the  University  of  Trondheim  in  Norway 
with  that  con f i qurat i on ,  which  was  found  to  be  the  optimum  by  the  calculations 
performed  (I6j.  The  insulation  consists  of  the  following  components  (fig,  20 ) : 

-  A  vapour  barrier,  which  is  glued  to  the  inner  su  ace 
of  the  concrete  shell. 

-  A  Prepolymer-foam  layer  with  a  thickness  of  10  cm. 

-  An  elastified  Polystyrol  foam  layer  (5  cm). 

-  Prepolymer-foam  blocks  of  l  m  x  1  m,  additionally 
embraced  by  an  elastified  Polystyrol  layer. 

Wooden  covers  with  the  thickness  of  18  mm  are  used  as  flow  liners,  they  are  connected 
to  the  shell  with  rods  of  low  thermal  conductivity.  Between  the  wooden  covers  and  the 
insulation  panels  there  is  a  hollow  space  of  the  same  pressure  as  the  static  pressure 
of  the  flow.  This  pressure  must  follow  possible  sudden  pressure  changes  in  the  tunnel 
to  prevent  excessive  bending  of  the  covers.  For  this  reason  the  covers  are  perforated 
(17). 

The  panels,  except  the  surrounding  polystyrol  layer,  were  premanufactured  with  a  high 
precision.  The  inside  of  the  concrete  shell  had  to  be  flattened  with  an  additional 
cement  coating.  Then  rods  werde  fixed  at  regular  distances  to  the  inside  shell  with 
wall-plugs  (fig,  21).  The  F  iqures  22  to  24  demonstrate  the  different  phases  of  the 
insulation  effort  up  to  completion. 


1 .  Modeling  and  control  of  the  tunnel 

For  a  cryogenic  wind  tunnel  it  is  essential,  that  the  tunnel  can  be  operated  in  an 
efficient  manner  in  order  to  minimize  liquid  nitrogen  consumption  and  the  operating 
costs.  The  economical  and  efficient  operation  of  a  cryogenic  wind  tunnel  is  critical¬ 
ly  dependent  on  fast  and  accurate  control  of  the  tunnel  variables  velocity  ujs* 
static  pressure  p  j.  and  static  temperature  T^.  Cryogenic  tunnels  allow  independent 
control  nf  all  the  three  flow  parameters.  In  order  to  be  able  to  describe  the  process 
in  the  wind  tunnel,  several  mathematical  models  were  developed: 


single  segment  mndel 


f 

i 


I 


-  linearized  model 

-  multiple  seqment  model. 

The  single  segment  model  is  a  further  development  rf  t  no  dynamic  model,  which  nlreadv 
has  been  used  for  the  design  of  the  injection  arid  exhaust  systems  E  1 H ]  .  The 
linearized  model  was  used  for  th-  layout  of  the  control  system  and  the  multiple 
segment  model  was  used  for  the  testing  of  the  single  segment  model. 


1 .  1  [he  single  seqment  model 


In  the  sinqle  seqment  model  the  variables  of  state  are  considered  to  he  concentrated 
in  one,  discrete  point.  In  this  simplification  it  is  assumed  that  the  internal  compen¬ 
sation  process  it;  fast  with  respect  to  a  change  of  the  tunnel  variables  u^.,  Pjr,  and 
T(.  with  time.  (An  example  for  the  internal  compensation  process  is  the  temperature 
distribution  along  the  tunnel  axis).  The  dynamic  behaviour  of  the  KKK  can  be 
described  with  the  help  of  the  equations  of  equilibrium,  which  show  the  relation 
between  one  variable  of  state  and  the  other  variables  of  state  and  the  input 
variables. 


Thp  variables  of  state  for  the  KKK  are: 

-  test  section  qas  temperature  T ^ 

-  concentrated  metal  part  temperature 

-  velocity  in  the  test  section  u^ 

-  static  pressure  in  the  test  section  pT<. 

-  total  mass  of  the  qas  in  the  tunnel  ny 

As  input  variables  influencing  the  process  in  the  wind  tunnel  are  used: 


-  injected  massflux  rate  m^ 

-  exhausted  GN~  massflux  rate  m 

2  f.N 

-  injected  GN^  mass!  lux  rate  f"+GN 

-  fan  revolutions  per  minute  ry 


i 
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l  art  control  input  affects  all  the  tunnel  variables  and  the  thermofluid  dynamical 
interact  inn  nrcurs  both  in  the  space  of  the  tunnel  and  in  time. 

The  equations  of  the  mathematical  model  for  the  processes  in  the  wind  tunnel  are 
derived  from  the  equations  of  equilibrium. 


tquilibrium  of  heat: 
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This  means,  that  the  change  of  enthalpy  in  the  tunnel  contained  gas  must  be  equal  to 
the  sum  of  heat  transfer  through  the  insulation,  heat  of  dissipation  and  the  change 
of  enthalpy  between  the  gas  and  the  injected  minus  the  enthalpy  due  to  evapora¬ 
tion  and  minus  the  enthalpy  due  to  the  overheating  of  the  injected  LN^.  The  sum  has 
also  to  be  reduced  by  the  amount  of  heat  transport  between  the  different  metal  parts 
fe.g.  fan,  corner  vanes)  and  the  tunnel  gas. 


F’qui  librium  of  momentum: 


d\s 

dt 


[ApF  -  1/2  .(Kj  *  K^l  •  Pts  •  4  1  /  v  *  °TS 
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The  variation  of  the  momentum  of  the  gas  equalizes  to  the  pressure  increase  by  the 
fan  minus  the  pressure  loss  in  the  tunnel  and  at  the  model. 


Fqui librium  of  mass: 


'V 


(4) 


fhp  variation  of  the  mass  of  the  enclosed  qas  is  equal  to  the  sum  of  thp  injected  l 
and  GN^  mass,  reduced  by  the  sucked  mass. 

In  addition  to  the  aforementioned  equations  there  arp  some  sub-models  in  the 
mathematical  procedure: 

-  fan-model:  the  relationship  between  speed  of  rota¬ 


tion  n^.  and  Ap^-  is  described 


I  M  1 


-  wall -model:  the  temperature  in  tin*  wooden  mwr 

I,,  ami  in  the  insulation  I,  is  ei  1  ru  1  a  l  ed 
W  I 

-  Test  model  ilraq  model:  with  the  angle  nt  at  t  ark  the 
loss  coefficient  K.._  is  calculated 

Mil 

-  time  delay  model:  the  transport  time  delay  for  an 
injected  IN^-partiele  up  to  the  test  sect  inn  is 
de  I  e  rm i n»  d  . 


5.2  the  lineari/ed  model 


lor  the  lay-out  of  the  control  system  the  sinqle  seqment  model  was  !;neari/ed  fur  7 
different  operatiriq  points  (Fig.  2  *> )  .  The  common  description  with  time  base  is  chosen 
for  the  mat hrmat i i  a  1  description. 


£  =  A  •  x(t)  +  Bo  •  u(t)  +  Bi  •  u(t  -  t)  +  D  •  d(t) 


It  is 
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vector  of  state 
input  vector 

time  ile  laved  input  vector 
disturbance  parameter 
(influence  of  the  test  model) 


(3) 


The  own  dynamical  behaviour  of  the  system  is  described  by  the  system  matrix  A.  The 
influence  of  the  input  parameters  on  th<-  parameters  of  state  is  described  by  the 
mat-ix  NfITj  for  the  time  delayed  dependence  and  B^  for  the  other  dependences  .  0 
describes  the  influence  of  the  anqle  of  attack  no  the  vector  of  state  x. 


There  ore  great  differences  between  the  particular  elements  of  the  matrix  at  the 
different  wnrkinn  points,  as  the  calculations  have  shown.  5ome  elements  chanqe  their 
siqn,  which  indicates  the  non  linearity  of  the  system.  The  details  are  described  in 
Ref . [ 19  1. 


1 . 5  The  multiple  seqment  model 

To  he  able  to  take  into  account  the  temperature  distribution  along  the  tunnel  axis 
the  equal  ion  of  heat  equilibrium  was  modified.  The  number  of  segments  ran  be  chosen 
freely,  because  the  segments  of  the  mathematical  model  are  independent  of  the  seq¬ 
ment  s  of  the  KKK .  Fach  seqment  passes  the  whole  tunnel  circuit  with  a  velocity  not 
identical  with  the  real  local  flow  velocity. 

for  each  segment  the  equilibrium  of  heat  is  calculated  whereas  the  inject  inn  of  IN^ 
is  taken  into  account  only  for  the  seqment  located  at  the  injection  station.  The  seq¬ 
ment  beinq  in  the  test  section  represents  the  temperature  in  the  test  section. 
Because  there  is  no  heat  exchange  between  the  discrete  segments  the  temperature  is 
brought  in  only  by  the  components  of  the  tunnel. 


lest  calculations  were  carried  out  with  the  single  and  multiple  segment  models  [2(1]. 
lhey  have  shown  that  the  simplification  of  the  single  segment  model  is  a  good 
approximation  (19).  Furthermore  the  simulation  with  the  single  segment  ami  the 
linearized  model  for  the  earlier  mentioned  five  operating  points  has  shown,  that  the 
dynamic  behaviour  of  the  tunnel  is  described  with  a  sufficient  accuracy  bv  the 
linearized  model  at  any  given  working  point. 


5 . 4  The  Control  System 

The  control  system  of  the  KKK  was  layed-out  according  to  the  linearized  model;  the 
concept  is  provided  for  a  control  following  the  mathematical  model  of  the  tunnel 
behaviour  (Fig.  26)  and  is  built  up  on  a  modular  basis.  The  tunnel  can  be  operated  in 
a  hand  mode  or  in  a  computer  controlled  mode,  respectively.  Jn  the  stand-by  phases  a 
micro  computer  unit  takes  over  the  control  which  is  at  a  higher  disposal  than  a 
normal  computer.  It  also  takes  over  automat ica 1 ' y  the  control  of  the  tunnel  if  the 
control  computer  should  fail. 


During  the  stand-by  phases  the  function  of  optimal  values  to  reach  the  next  working 
point  are  calculated  by  a  larger  computer  (21],  and  these  values  obtained  are  qiven 
to  the  control  computer  which  then  controls  the  tunnel. 


4 .  Schedul e 


The  aerodynamic  calibration  of  the  tunnel  under  ambient  conditions  will  begin  in 
April  I'JS').  The  following  tests  are  to  be  conducted; 

-  determination  of  the  flow  quality  in  the  test  section 

-  determination  of  the  loss  coefficients  of  the  dif¬ 
ferent  tunnel  sections 

-  check-out  of  the  control  systems,  especially  the 
trajectories  of  the  fan  model 

It  is  planed,  to  cool  down  the  tunnel  in  the  last  quarter  of  The  calibration 

for  the  cryogenic  mode  of  operatinn  is  expected  to  cover  a  time  of  more  than  half  a 
year. 


> .  Conclusion 


The  modification  of  the  1  meter  -  tunnel  of  DFVLR  at  Cologne  was  completed  in  March 
l9Rr».  Ry  cooling  the  flow  temperature  to  a  valup  of  100  K  the  Reynolds  number  can  be 
increased  up  to  8.9  x  If]*’.  The  chpck-out  of  some  systems  is  essentially  completed. 
The  aerodynamic  calibration  under  ambient  conditions  will  begin  in  April  1^8^,  the 
cryogenic  operation  phase  is  planed  to  begin  in  the  last  quarter  nf  I^R't. 


Ill'' 


’  !  •*. .  '.'K’-iwi-  i.T  Fry:  ■  ten  1  s  lernn  i  des  N i ederioschwi nd i  ike i t s-W : n dx  in  1 1 > 

Kn  1. n-Porz  -  Sih-/ i  f  i ka t  i onsphase  - 

W  K  T  M  /  8  i  > ,  D  F  V T .  R  ,  Ko  1  n  — Porz  1  9  8  0 

:  0.  V l chwo-iet  The  Cryoopnic  Wirui  Tunnel  Cologne 

AGA'C-CP-  MB  ,  J,  /-ft.  1983 

;;!  P.A.  K  •  1  tore  Design  Features  an.]  Operational  Chur  u-t  er  i  st  les  .5  •  .• 

Lana  ley  '1  ,  1 -Motor  Transonic*  Cr  yo-ii.-r.  i  •*  Tunnel 
NASA  TN  D-8304  (hoc.  1^76) 

'4  Mi  irv  i.A  SOPFFEERTF  CRYOGFN  IOFE  A  PARC  IS  A '  ’TO  -  \  L  A  PT  A  r : .  FS  T2 

:  .  >  .  ;  -  i,'  )NMPA  'CERT 

AGARD-CP-348  ,  Pap-T  i,  Sept.  1  98  ] 

L.W.  M-.:S  l  n  :>.-y  OPERATION  EXPERIENCE  WITH  THE  NAT  I  ON  AT.  TRANSOM.*  i  A  ’  I I  TV 

AGARD-CP- 348 ,  ^aprr  1,  Sept .  1983 

.  ’  S  V  l-Niwe-jer  Wirvdkunu  lo  hohrror  Roynoldsz.ah  lor.  am  Be  i  spiel  des  Fry-.  -Kara 

Koln  ( KKK ) 

DGLR-Jahrcjitaqum,  Okt.  1984 

[  7 1  *.  Luwao/eck  Erqebnisse  der  Untorsuchungen  ?u  der  Kryoqer.  i  s  t  e rum  ios 

o  .  V  t  eh  we  a* •  r  N  i  ederqeschwind  i^ke  i  ts-Windkana Is  Kol  n-Por ?. 

WKT  5/79,  DFVLR ,  Kdln-Porz,  1979 

(8)  G.  Schulz  Der  Unterscha  1  Iwindkanal  dcr  DVT.  in  Porz-Wahn 

G.  V :  ehweqer  DER  FB  65  -  56,  1965 

?‘M  R.  Sehr'iwer  Konzepts tud ie  zum  St  ickstof  f-Einspr  itzsvstem  des  Kryo-Kanals 

K^l  n 

Messer  Griesheim#  Frankfurt,  1980 

1(>!  d.  Pistol  rath  Ex  per  imentel  le  tjntersuchunqen  zum  Stickstof  f-Einspr  itzsystem 

dos  Kryo-Kanals-K<5ln 

IB  157-80  C  30,  DFVLR,  Koln-Porz  1980 

I1’  B.  Pulunez  Determination  of  the  Temperature  Distribution  in  a  Cryogenic 

d.  Djst.'lrath  Wind  Tunnel.  (Theoretical  and  Experimental  Investigation) 
K.G.  Schneider  WKT  16/81,  DFVLR,  Koln-Porz  1981 

1 I  D.  I.)  i  st  el  rath  Mossunqen  an  den  E  i  nspr  i  t  zdusen  des  KKK. 

39151-82  A  09,  DFVLR,  Koln-Porz  1982 

1  M  B.  Pal  a  no/  /Analysis  of  a  gaseous  nitrogen  Exhaust  inq-Syster. 

IB  29100  A  02,  DFVLR,  Koln-Porz  1982 

14]  H.  Schmitt  Abschatzunq  der  Erstickunqs-  und  Vernebo lunqsqef ahren  durch 

die  St ickstof fabqaso  des  Kryokanals  der  DFVLR  in  Koln-Porz 
IB  252  -  80  A  02,  DFVLR,  Gottingen  1980 


1-14 

Unsteady  Thermal  Stress  Analysis  of  a  Cryogenic  Foam 
Insulation  Element 
DFVLR-FB  81-17 

16]  E.  Brendeng  Testing  of  Insulation  for  a  Low  Temperature  Wind  Tunnel 

at  DFVLR 

Institut  fur  Kaltetechnik ,  Universitat  Trondheim, 

Report  1 3 

Berechnung  des  Druckverlauf s  im  Hohlraum  zwischen  Holzab- 
deckung  und  Dammschicht  des  Kryo-Kanals-Koln  bei  lokalen 
KanaldruckSnderungen  fur  verschiedene  Per forat lonen . 

IB  39151  -  83  A  07 

WKT  23/83,  DFVLR,  Koln-Porz  1  983  ** 

181  B.  Palancz  Analysis  of  the  Performance  of  a  Nitrogen  cooled,  closed 

circuit,  cryogenic  Wind  Tunnel  and  its  application  to  the 
DFVLR' s  3m-  Tunnel  in  Cologne 
Part  two:  Dynamical  Performance 
WKT  9/80,  DFVLR,  Koln-Porz  1980 

Mathematische  Model  1  ierung ,  Simulation  und  Regelunq  eines 
kryogenen  Windkanals 
IB  29100  -  A  03 

WKT  21/82,  DFVLR,  Koln-Porz  1982 

20)  R.  Steinhauser  Reqlerentwurf  fUr  einen  Tief temperatur-Windkanal  mittels 

Giiterektoropt  imierung 

DFVLR  -  FB  1985  (in  ^reparation) 

21]  D.  Kraft  Optimale  Steuerung  eines  Tief temperatur-Windkanals 

DFVLR  -  FB  1985  (in  preparation) 


19]  B.  Palancz 

R.  Kronen 


T7]  M.  Duker 

W.  Becker 


151  B.  Palancz 

B.  Schafer 


The  Reyno  us-Macn 
Number  capab  i  1  i  t  y 
of  K K K 


Ei3Li 


Photograph  of  the 
KKK  facility 


Fig.  3  Plan  view  of  KKK 
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Propagation  of  temperature  peak  for 
stream  in  the  pilot  tunnel. 
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injection  parallel  to  the  gas 
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Fig.  72  Consumption  of  liquid  nitro¬ 
gen  in  dependence  on  fan  po¬ 
wer  and  test  gas  temperature 
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SUMMARY 


A  general  description  of  the  European  Transonic  Windtunnel,  ETW  is  presented 
with  particular  reference  to: 

the  tunnel  specif ication  and  predicted  performance 

the  design  features  related  to  operation  at  cryogenic  temperatures,  including  the 
insulation  concept,  model  access  and  handling 
a  summary  of  a  study  on  the  expected  use  of  the  facility 

the  flow  quality  requirements  for  ETW,  including  experimental  results  from  an  aero¬ 
dynamic  test  rig 

the  requirement  i or  a  second  throat  and  its  conceptual  design 

a  brief  description  of  the  pilot  ETW  (PETW)  which  is  installed  at  NLR,  Amsterdam 

Finally  a  status  report  of  the  project  and  its  anticipated  future  development 
is  given. 


1.  INTRODUCTION 


The  Governments  of  France,  the  Federal  Republic  of  Germany,  the  Netherlands  and  the 
United  Kingdom  are  co-operating  under  a  Memorandum  of  Understanding  to  build  a  transonic 
windtunnel  for  high  Reynolds  numbers. 

The  MoU  covers  the  Preliminary  Design  of  the  European  Transonic  Windtunnel  ETW.  The 
windtunnel  will  be  of  the  cryogenic  type.  Also  included  in  the  MoU  is  the  construction 
of  a  scale  model  of  the  tunnel,  the  Pilot  ETW  (PETW).  In  parallel  a  programme  is  per¬ 
formed  on  model  design  and  instrumentation  under  cryogenic  conditions,  in  close  co-ope¬ 
ration  with  the  national  programmes  of  the  participating  countries. 

The  Steering  Committee  ETW,  consisting  of  members  named  by  the  respective  Govern¬ 
ments,  has  established  an  international  Technical  Group.  This  Technical  Group  is  situa¬ 
ted  at  NLR,  Amsterdam  until  the  site  of  ETW  has  been  chosen.  The  Group  directs  the  con¬ 
tracts  for  Preliminary  Design  ETW,  the  design  and  construction  of  PETW  as  well  as  other 
contracts  (special  studies,  model  design,  etc.).  The  Preliminary  Design  of  ETW  has  been 
finished  and  the  construction  of  PETW  is  completed. 

This  lecture  will  present  a  brief  history  of  the  project  and  the  specification  and 
performance  of  ETW.  The  expected  mode  of  operation  of  the  facility  will  be  described 
and  the  design  features,  peculiar  to  this  windtunnel,  will  be  summarized.  A  short  des¬ 
cription  will  be  given  of  PETW  and  of  a  test  rig  for  aerodynamic  measurements. 

Finally,  the  siting  of  ETW  and  the  time  schedule  until  operation  will  be  addressed. 

2.  PROJECT  HISTORY 

The  need  for  new  windtunnels  for  testing  at  high  Reynolds  numbers  was  indicated  af¬ 
ter  an  AGARD  Fluid  Dynamics  Panel  Specialists'  Meeting  in  1968,  Further  developments1  are 
indicated  in  figure  1.  It  illustrates  the  important  role  AGARD  played  in  organizing  specia¬ 
lists'  meetings  and  setting  up  international  working  groups.  The  LaWs  working  group,  under 
the  chairmanship  of  D.  Kuchemann,  recommended^ '  by  the  end  of  1974  on  the  basis  of:  the 
work  done  by  the  Group;,  the  engineering  studies  performed  and  the  work  done  in  the  parti¬ 
cipating  countries,  that  a  large  transonic  tunnel  should  be  built  according  to  the  speci¬ 
fications  given  in  figure  2.  Several  drive  systems  were  proposed  at  the  time.  (Figs.  3,4  and 
5) .  It  was  recommended  to  set  up  a  Technical  Project  Group  for  an  independent  assessment 
of  the  available  information.  This  was  done  under  the  aegis  of  the  Defence  Research  Group 
of  NATO  (Project  Group  AC/243  (PG  7)).  During  the  period  of  this  Project  Group  (1975-1977), 
the  concept  of  a  fan  driven  continuous  windtunnel  at  cryogenic  temperatures  was  added  to  the 
proposed  drive  system  options. 

This  concept  has  been  developed  at  the  NASA  Langley  Research  Center.  The  advanta¬ 
ges  of  operating  at  cryogenic  temperatures  are  illustrated  in  figure  6.  The  impact  of  a 
reduction  of  temperature,  in  this  case  by  injection  of  liquid  nitrogen,  on  required  tun¬ 
nel  power  and  on  Reynolds  number  are  evident.  For  the  same  size  of  model  and  at  the  same 
stagnation  pressure  the  Reynolds  number  can  be  increased  by  a  factor  of  about  6  when  lo¬ 
wering  the  temperature  from  ambient  to  100  K. 

Application  of  the  cryogenic  concept  made  it  possible  to  build  a  smaller  facility, 
operating  at  lower  pressures  to  obtain  the  Reynolds  number  specification  of  the  LaWs 
Group. 


A  comparison  between  the  capital  costs  for  earlier  drive  system  options_and 
those  for  a  cryogenic  facility  with  test  section  dimensions  of  1.95  x  1.65  nr  are  given 
in  figure  7. 

By  the  end  of  1976  it  was  recommended  to  build  a  continuous  fan  driven  cryogenic 
windtunnel  with  the  above  mentioned  test-section  dimensions,  and  this  recommendation  was 
accepted . 

Early  1978  an  international  full-time  Technical  Group  which  worked  under  a  Memoran¬ 
dum  of  Understanding  between  France,  Germany,  the  Netherlands  and  the  United  Kingdom,  was 
established  at  NLR,  Amsterdam.  The  main  objectives  of  this  MoU  were  to  perform  the  Pre¬ 
liminary  Design  of  ETW  and  to  build  a  pilot  facility  (PETW) . 

After  the  preliminary  design  was  finished  the  test-section  dimensions  of  ETW  were 
enlarged,  with  strong  support  of  the  European  aircraft  industry,  to  2.4  m  x  2.0  m. 

Other  changes  which  have  taken  place  since  the  period  of  preliminary  design  include 
a  new  concept  for  model  access  and  the  addition  of  a  second  throat. 

3.  ETW  SPECIFICATION  AND  PERFORMANCE 

The  specification  of  ETW  is  presented  in  figure  8. 

The  ETW  will  be  a  closed-circuit  cryogenic  transonic  windtunnel  with  a  continuous 
drive.  High  Reynolds  numbers  will  be  attained  by  injecting  liquid  nitrogen  to  decrease 
the  working  temperature. 

The  operating  envelope  at  design  Mach  number  M  =  0.9  is  presented  in  figure  9.  Al¬ 
though  the  facility  itself  is  designed  for  temperatures  down  to  90  K,  a  conservative 
assumption  has  been  made  until  now  concerning  the  maximum  attainable  Reynolds  number:  a 
minimum  total  temperature  corresponding  to  flow  saturation  at  a  local  Mach  number  of 
1.7  has  been  adopted. 

Future  evidence  might  show  that  this  restriction  can  be  relaxed.  Figure  10  illu¬ 
strates  that  by  a  drop  in  total  temperature  from  121  K  at  4.5  bar  a  substantial  increase 
in  Reynolds  number  is  possible.  The  rate  of  change  of  Reynolds  number  with  temperature 
approaches  1,5  percent  per  Kelvin  at  these  lower  temperatures. 

Figure  10  presents  the  Reynolds  number  versus  Mach  number  performance  of  ETW,  again 
with  the  conservative  assumption  of  flow  saturation  at  local  Mach  number  M  =  1.7. 

A  comparison  with  the  performance  envelope  of  existing  European  facilities  is  made  in 
the  same  figure. 

Also  the  Reynolds  numbers  of  several  European  aircraft  projects  in  cruise  conditions 
have  been  plotted  in  the  same  figure. 

4.  PREDICTED  USE  AND  MODE  OF  OPE RAT I ON 


Prospective  users  of  ETW  were  invited  to  answer  a  questionnaire  and  to  imagine  what 
types  of  test  they  would  need  in  about  15  years  from  now.  In  making  their  replies  they 
were  asked  to  take  account  of  practical  constraints  on  models  and  tunnel  and  also  of 
tunnel  power  consumption  and  occupancy.  They  were  also  asked  to  indicate  the  types  of 
test  trajectories  which  would  be  used,  the  Mach  number  coverage,  and  the  pressures  and 
temperatures  of  the  tests.  These  data  were  to  provide  the  basis  of  estimates  of  the  test 
spectrum  and  utilisation  pattern. 

The  replies  showed  that  there  is  considerable  interest  in  the  ETW  and  that  many  or¬ 
ganisations  expect  to  use  it  for  a  wide  range  of  model  tests. 

The  analysis  of  the  replies  shows  that,  for  the  majority  of  tests,  the  tunnel  would 
be  run  at  high  Reynolds  numbers,  using  the  lowest  temperature  allowed  by  consideration 
of  condensation  phenomena.  Fig.  II.  However,  a  number  of  potential  users  expected  to  test 
over  a  range  of  Reynolds  numbers,  and  to  avoid  model  deformation  effects,  the  change  in 
Reynolds  number  would  be  achieved  by  variation  of  temperature.  In  these  cases  the  tem¬ 
perature  changes  needed  may  be  too  large  to  be  made  during  a  single  tunnel  run.  The  tem¬ 
perature  changes  during  a  run  will  be  limited  by  model  temperature  lag  and  possibly  by 
tunnel  structure  thermal  fatigue  considerations.  Consequently  the  test  requirements  were 
written  with  the  assumption  that  substantial  temperature  changes  (40  K  or  more)  would  be 
made  between  tunnel  runs. 


The  relative  demand  for  different  types  of  tests  is  indicated  by  the  distribution  of 
temperature  trajectories,  which  was  obtained  by  further  analysis: 


Test  Trajectory 

Ambient  temperature  (  •  270  K) 
Constant  low  temperature  ( -  150  K) 
Constant  intermediate  temperature 
Variable  temperature  during  a  run 


%  of  tunnel  testing  time 

6.5 

70 

14.5 
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There  was  substantial  customer  interest  in  rapid  changes  of  pressure  during  a  test 
programme  so  that  consecutive  tunnel  runs  could  be  made  at  different  pressures  and 
constant  temperature  (or  with  small  variations  in  temperature) .  Also  a  rapid  decrease  in 
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pressure  during  a  run  may  be  needed  for  tests  at  high  pressure  which  extend  to  Mach 
numbers  above  0.9,  in  order  to  stay  within  tunnel  power  limits. 

The  distributions  of  testing  time  for  each  pressure  and  Mach  number  range  are 
also  shown  in  figure  11. 

The  distribution  of  tunnel  testing  time  between  the  different  types  of  test  (Fig.  12) 
is  close  to  that  for  existing  tunnels.  It  shows  a  slight  increase  in  the  amount  of  un¬ 
steady  testing  when  compared  with  figures  obtained  previously  as  would  be  expected. 

Prospective  users  of  ETW  were  also  asked  to  imagine  what  test  techniques  they  would 
need  in  the  tunnel. 

The  replies  indicate  that  most  customers  envisage  high  levels  of  test  technology  to 
be  available  for  use.  The  demands  for  model  deformation  measurement  and  engine-flow  si¬ 
mulation  are  understandable,  so  that  the  improved  simulation  accuracy  coming  from  high- 
Reynolds-number  testing  should  be  matched  by  improved  accuracy  in  other  directions.  Ne¬ 
vertheless,  the  provision  of  many  of  these  facilities  (Fig.  13)  for  routine  use  in  ETW 
will  be  challenging  and  they  will  need  to  be  worked  on  in  parallel  with  tunnel  design 
and  construction. 

It  is  inevitable  that  further  changes  in  testing  patterns  will  take  place  in  the 
coming  years  and  hence  the  survey  cannot  be  expected  to  give  an  accurate  prediction  of 
the  testing  pattern  for  the  ETW  in  the  1990 's  but  it  is  a  valuable  guide. 

The  possible  modes  of  operation  have  been  considered  in  the  light  of  productivity, 
nitrogen  consumption  and  costs.  A  number  of  5000  polars  per  year  is  foreseen,  each  of 
about  15  (force  polars)  to  60  seconds  (pressure  polars)  duration.  About  3  runs  per  day 
of  approximately  10  minutes  and  10  polars  each  are  considered  at  about  2  hour  intervals 
for  model  access,  modification  and  re-installation. 

A  typical  operating  sequence  during  a  testing  day  is  presented  in  figure  14.  It  is 
envisaged  that  the  facility  will  be  kept  mostly  at  low  temperature,  ambient  temperature 
testing  being  done  in  connection  with  the  few  warm-ups  per  year  for  maintenance. 

5.  GENERAL  DESCRIPTION  OF  ETW  I 


I 
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The  aerodynamic  circuit  of  the  tunnel  is  shown  in  figure  15.  The  test  section  is  a 
slotted  wall  configuration  with  the  possibility  for  a  later  change  to  a  concept  of  adap¬ 
tive  walls. 

Situated  in  the  high  speed  diffuser,  just  downstream  of  the  model  support  sector  is 
a  vertical  centre  body  second  throat.  The  liquid  nitrogen  injection  nozzles  are  in  the 
first  cross- leg.  The  two-stage  compressor  is  situated  downstream  of  the  second  corner  and 
is  driven  by  a  50  MW  electric  motor.  Gaseous  nitrogen  is  vented  from  the  circuit  in  the 
second  cross-leg,  passed  through  a  silencer,  mixed  with  atmospheric  air  and  discharged 
from  a  50  m  stack.  The  fourth  corner  is  followed  by  a  two-step  wide-angle  conical  diffu¬ 
ser  with  a  total  included  angle  of  50°.  A  screen  is  located  at  the  kink  to  reduce  the 
possibility  of  separation.  The  stilling  chamber  containing  the  screens  and  a  honeycomb 
is  followed  by  a  contraction  with  a  modified  sine-law  area  distribution  and  an  area  ratio 
of  12.  A  movable  block,  single  jack  nozzle  is  provided  for  the  Mach  number  range  1.0  to 
1.3.  The  complete  tunnel  circuit  is  enclosed  within  a  reinforced  concrete  cold  box. 

An  artist’s  impression  of  the  windtunnel  is  given  in  figure  16.  Apart  from  the 
tunnel  in  its  cold  box  it  shows  the  model  handling  hall,  the  office  building  and  the 
building  containing  the  workshops. 

Also  shown  are  the  LN^  reservoir,  an  air  separation  plant  for  the  production  of  LN^ 
and  the  stack  for  discharge  of  the  gaseous  nitrogen  into  the  atmosphere. 

6.  DESIGN  FEATURES 
6 . 1  PRESSURE  SHELL  AND  COLD  BOX 

A  drawing  of  the  pressure  shell  is  presented  in  figure  17.  The  shell  will  be  of 
welded  construction  fabricated  from  austenitic  stainless  steel  and  will  incorporate  a 
removable  flange  bolted  section  at  the  compressor. 

The  shell  will  be  supported  by  spherically  ended  vertical  struts,  constrained  by 
lateral  guides  and  anchored  at  the  fixed  point  of  compressor  which  also  provides  the 
thrust  reaction. 

The  complete  tunnel  circuit  will  be  contained  within  a  reinforced  concrete  "cold 
box"  which  will  incorporate  a  number  of  removable  roof  panels  for  access  to  major  equip¬ 
ment  (Fig.  17). 

To  achieve  the  necessary  cryogenic  environment  for  the  pressure  shell  the  "cold  box" 
will  be  lined  with  fibre  glass  insulation  blankets  to  a  total  thickness  of  0.4  m.  The 
blankets  will  be  covered  with  a  fine  mesh  stainless  steel  wire  screen  and  faced  finally 
with  perforated  stainless  steel  sheet. 
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NOZZLE  AND  TEST  SECTION 


A  study  under t aken  to  determine  the  type  of  variable  nozzle  to  be  employed  in  ETW 
has  indicated  a  movable  block,  single  jack  nozzle  (Fig.  18)  as  being  the  most  suitable 

for  tne  cryogenic  environment.  The  study  concluded  that  whilst  the  multi- jack  nozzle 

would  give  the  better  flow  quality  in  an  ambient  tunnel,  in  a  cryogenic  environment  there 
is  a  limitation  to  the  level  of  flow  quality  that  can  be  achieved  due  to  the  restriction 
ut  measurement  accuracy  of  the  flexible  plate  position.  This  applies  equally  to  both  con¬ 
cepts.  To  keep  the  tunnel  systems  as  sample  as  possible  it  was  therefore  decided  to  opt 
*or  t no  nozzle  with  the  fewest  moving  parts  in  the  cryogenic  environment. 

Tne  nozzle  tixea  point  is  at  the  entry  to  the  test  section,  all  thermal  movement  of 

me  i'l.iti'  m  from  this  point.  To  allow  for  tins,  and  the  movement  cue  to  flexing  the 
plate,  the  movable  block  is  hinged  y  irt  way  along  its  length.  This  along  with  the  double 
nmqe  iink  at  the  ups  ti  earn  end  allows  translation  of  the  plate  without  any  step  discon¬ 
tinuities  at.  tne  junction  with  the  contraction.  The  position  of  the  movable  block  sets 
tne  Mucn  number  m  the  test  section  and  the  actuator  on  the  free  part  of  the  flexible 
plate  sets  U20  longitudinal  distribution. 

Witn  tms  system  the  Mach  number  within  tne  test  section  volume  is  expected  to  be 
wit.  u  r.  a  >  a  value  ot  0.008  throughout  tne  supersonic  regime. 

A  specialist  working  group  was  sot  up  to  recommend  to  tne  technical  group: 

a  test  section  wall  conf igurat ion  for  incorporation  in  the  initial  design  of  ETW 
what  type  of  advanced  configuration  siiuuld  be  considered  for  possible  installation 
at  a  later  date. 

i'nis  working  group  sought  to  find  a  wall  configuration  which  would  give:  acceptable  low 
lesidual  flow  inhomogeneity  (flow  curvature  0.030  degree/chord;  spanwise  variation  in 
t  Low  angle  0.  10  Fjgree)  and  would  enable  flow  measurements  to  made  for  the  calculate 
ot  wall  interference  for  both  sting  mounted,  complete  model  and  floor  mounted  half  model 
os  ts . 

The  conclusions  of  this  working  group  are: 

i  no  form  of  adaptive  wall  is  sufficiently  well  validated  for  three  dimensional  tes¬ 
ting  through  the  subsonic-  transonic-  low  supersonic  speed  range  to  permit  its  con¬ 
sideration  for  the  first  build  of  ETW 

2-  there  is  no  form  of  conventional  I non-aaapt i ve J  ventilated  wall  which  meets  the  ETW 
requirements  on  all  counts.  On  balance  the  adoption,  for  the  initial  build,  of  four 
slutted  walls  is  preferred  and  a  configuration  with  4  slots  in  the  side  walls  and  6 
sluts  m  tiie  top  and  bottom  waiis  is  recommended. 
i:  i.\  trie  design  of  ETW  provision  should  be  made  for  quick  and  easy  retrofit  of  flexi¬ 
ble  Horizontal  walls  to  allow  a  degree  of  wall  adaption  to  be  used  to  reduce  wail 

interference  at  subsonic  and  tr  insonic  speeds. 

The  porosity  of  the  slotted  walls  can  be  varied  from  0  to  18%  per  wall  by  manually 
changing  slot  inserts. 

The  top  and  the  bottom  walls  are  remotely  and  independently  adjustable  from 
-'J.D  to  +1.0  degree. 

The  re-entry  area  consists  of  tapered  finger  flaps,  hinged  at  their  downstream  end. 
The  set  of  flaps  for  each  wall  ire  remotely  adjustable  from  -7  to  +15  degrees  for  the 

top  and  bottom  walls  and  from  0  to  +15  degrees  for  the  side  walls. 

The  slats  are  attached  to  the  back-up  structure  and  fixed  at  their  upstream  end 
in  such  a  way  that  they  can  expand  and  contract  freely  due  to  differential  temperature 
effects. 

Similarly,  the  nozzle  is  fixed  at  its  downstream  end  and  supported  along  its  length 
so  that  it  can  freely  expand  and  contract  when  temperature  differences  occur. 

b  .  3  SECOND  THROAT 

The  second  throat  concept  is  shown  in  Fig.  19.  Its  purpose  is  to  reduce  flow  dis¬ 
turbances  propagating  upstream  from  the  high  speed  diffuser  and  downstream  area  and 
to  give  faster  Mach  number  control  during  model  traverses.  The  vertical  centre  body, 
variable  geometry  second  throat  will  be  installed  directly  behind  the  model  support  sector 
The  sector  fairing  is  attached  to  the  model  cart.  When  testing  half  models  an  elliptical 
fairing,  attached  to  the  model  cart  will  be  positioned  in  front  of  the  second  throat. 

This  double  hinge  concept  was  selected  to  reduce  shock  losses  and  have  the  capability 
to  adjust  the  initial  shock  position  so  that  the  throat  remains  sonic  throughout  the 
polars  for  a  wide  variety  of  models.  The  second  throat  will  be  operational  for  test  sec¬ 
tion  Mach  numbers  between  0.6  and  1.0. 

6 . 4  MODEL  ACCESS  AND  HANDLING 

As  mentioned  earlier,  the  ETW  productivi'v  target  is  for  5000  test  polars  to  be 
carried  out  per  year  using  single  shift  working.  Sophisticated  model  access  am',  handling 
arrangements  will  be  necessary  to  achieve  this. 

An  interchangeable  model  cart  system  is  planned.  A  cart  will  be  removed  from  the 
tunnel  to  a  safe  human  working  environment  for  adjustments  or  changes  to  the  model. 

Four  carts  are  planned,  3  sting  support  carts  and  1  half-model  cart. 

A  typical  sting  support  cart  is  drawn  in  figure  20.  For  sting  supported  models, 
circular  arc  struts  will  be  used  giving  pitch  angles  from  -10°  to  +35  degrees. 
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The  lower  part  of  the  plenum  is  reinforced  to  permit  a  large  opening  lo  allow 
for  the  passage  of  the  model  cart  to  the  test  section  (Fig.  2i).  This  opening  can  oe 
closed  by  the  model  cart  lift  platform  which  also  functions  as  the  pressure  gate.  A  pres¬ 
sure  seal  is  located  in  the  lower  surface  of  the  access  opening  and  the  lift  gate  reacts 
the  pr  assure  load.  The  lift  gate  and  the  model  cart  are  raised  by  four  electncally-dn- 
vc.i  ball-screws.  The  lift  gate  is  held  in  final  position  by  sixteen  locks.  The  model 
cart  is  lifted  off  the  lift  gate  by  four  actuators  and  held  against  mechanical  stops  to 
attain  final  alignment  of  the  model  in  the  test  section.  The  tunnel  is  depressurised 
each  time  the  model  is  removed  from  the  test  section. 

One  of  the  consequences  of  the  choice  of  the  model  access  system  chosen  is  that  tne 
tunnel  centreline  will  be  about  19m  above  ground  level.  A  schemata  drawing  of  cold  box, 
pressure  shell  and  model  access  system  is  given  in  figure  22. 

Figure  23  shows  the  layout  of  the  part  of  the  ground  floor  of  the  building  associa¬ 
ted  with  model  handling.  The  workshops,  the  model  and  cart  rigging  bays  and  "warm  hall" 
are  regions  of  human  access.  The  cold  hall  will  be  a  nitrogen  area.  The  transfer  lock 
provides  environmental  isolation  between  them.  Air  in  the  "warm  hall"  will  be  very  dry 
at  all  times.  There  will  be  a  changeover  from  ambient  (i.e.  moist)  air  to  very  dry  air 
in  a  cart  rigging  bay  a  few  hours  before  the  cart  is  due  to  go  into  the  cold  hall.  This 
atmospheric  control  is  intended  to  minimise  any  moisture  contamination  problems  in  mo¬ 
del  and  cart  when  they  are  cooled.  Carts  are  driven  between  the  rigging  area  and  the  cold 
hall  on  the  transfer  cart.  Once  in  the  cold  hall,  the  cart  goes  for  cooldown  into  one  of 
tile  " teir»£  erasure  conditioning  rooms"  (TCR's)  or  into  the  "variable  temperature  check¬ 
out  room"  (V*CR). 

Figure  24  shows  schematically  what  could  be  a  possible  system  for  model  temperature 
conditioning.  The  proposed  system  requires  minimum  alteration  of  the  presently  conceived 
model  handling  ar.d  room  arrangement.  The  system  consists  basically  of  a  small  closed 
circuit  atmospheric  low  speed  tunnel  located  in  the  "quick  change  room"  (OCR)  attached  to 
TCR2.  The  test  section  would  be  0.6  m  wide  by  1.8  m  high  and  could  be  made  suitable  for  both 
a  sting  mounted  model  (rolled  at  90  degrees)  and  a  half  model.  At  the  penetration 
between  QCR  and  T  JR2 ,  2  remote'' y  operated  doors  could  be  open  to  let  the  model  in 
and  out  or  closed  and  sealed  around  the  sting,  thus  providing  a  simple  and  remotely 
controlled  model  access  system.  In  order  to  achieve  a  moderate  forced  convection 
environment  in  the  conditioning  section  at  atmospheric  pressure,  a  Mach  number  of 
0.1  is  required. 

The  proposed  sytem  is  thought  to  be  relatively  simple  to  incorporate  in  the 
present  building  and  facility  layout,  simple  to  operate  and  sufficiently  flexible  in  as 
much  as  the  conditioning  flow  is  of  variable  temperature  and  speed  (and  therefore  varia¬ 
ble  heat  transfer  coefficient) .  In  addition  to  the  small  conditioning  tunnel  with  its 
fan  and  drive,  it  requires  a  LN-  injection  system,  a  GN2  exhaust  system,  and  a  LN2 
tank.  GN..  could  be  either  recovered  or  released  through4* the  GN^  low  pressure  vent  stack. 
Being  a  non  pressurized  circuit,  the  tunnel  could  be  of  relatively  cheap  construction. 

The  model  temperature  conditioning  tunnel  could  be  used  for  model  warm  up  as  well  as 
for  cool  down.  In  the  warm  up  mode,  the  LN~  injection  system  could  be  either  switched  off 
to  allow  the  gas  temperature  to  raise  to  any  desired  level  through  the  action  of  fan 
power  or,  when  the  flow  temperature  level  is  reached,  controlled  to  keep  the  desired  tem¬ 
perature.  It  is  estimated  that  to  raise  the  flow  temperature  from  100  K  up  to  ambient, 
it  would  take  about  4  minutes,  at  M  =  0.1  and  atmospheric  pressure,  with  a  fan  power  of 
about  150  KW. 

Adjustments  or  changes  between  runs  to  a  sting  mounted  model  can  be  accomplished  in 
the  OCR  attached  to  the  TCR  (Fig.  25) .  it  is  anticipated  that  the  QCR  will  be  used  for 
routine  changes  or  adjustments  which  mi jht  take  an  hour  or  so  to  complete.  A  breathable 
(dry  air)  atmosphere  will  be  provided  in  the  QCR  before  human  entry.  After  model  work  is 
complete  and  personnel  have  left  the  model  is  cooled  down  again.  Critical  model  tempera¬ 
tures  will  be  monitored  during  warm  up  and  cool  down. 

It  is  expected  that  the  warm  up  and  cool  down  times  for  the  half-model  will  be 
considerably  longer  than  those  for  the  sting  mounted  model. 

In  view  of  the  probable  complexity  of  the  models  and  the  high  cost  of  tunnel  opera¬ 
tion,  great  efforts  will  have  to  be  made  to  achieve  reliable  operation  of  all  model  and 
cart  systems.  This  will  be  the  main  function  of  the  variable  temperature  check-out  room 
(Fig.  23),  where  a  complete  pre-test  check-out  at  any  temperature  will  be  possible.  The 
VTCR  can  also  be  used  simply  for  cart  cooldown,  if  required. 

6 . 5  COMPRESSOR  AND  DRIVE  SYSTEM 

The  compressor  has  to  operate  over  a  large  speed  range  in  the  cryogenic  environment 
as  well  as  at  ambient  temperatures.  Efficiencies  should  be  high  as  the  losses  are  not 
only  paid  for  in  terms  of  compressor  energy  consumption  but  also  in  additional  LN2  use. 

These  requirements  have  presented  some  difficulties  for  the  aerodynamic  and  the  mechani¬ 
cal  design  of  the  unit. 
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The  compressor  has  two  stages  with  inlet  and  outlet  guide  vanes,  the  mlt-t  -luide 
vanes  being  variable  to  provide  full  control  for  the  compressor  which  is  mainly  speed 
con t  ro l led. 

The  drive  system  for  the  compressor  has  to  provide  a  maximum  power  of  about  5u  YW. 

The  need  to  perform  fast  set  point  changes  between  tests  to  save  l.N ,  requires  .t 
1U  *  overtorque  capability  of  the  motor.  A  synchronous  motor  fed  from  a  ^0  Hz  power 
source  was  cr.os  m  as  a  relatively  si  mole  and  reliable  prime  mover. 

0 . b  NITROGEN  SYSTEMS 

Liquid  nitrogen  will  be  used  for  cooling  of  the  tunnel.  Based  on  the  required  t.rod. 
tivity  and  the  expected  test  spectrum  it.  is  estimated  that  about  70,000  tonnes  of  l.N, 
will  be  needed  annually.  A  reservoir  capacity  of  about  3000  m  is  required. 


Tne  test  requirements  include  significant  transient  flow  rates  in  addition  to 
steady-state  requirements.  A  pressurized  tank  desiqn  is  chosen  to  assure  good  control  and 
reliability  of  LN^  injection.  A  schematic  of  the  LN^  injection  system  is  presented  ir. 
figure  2b.  The  main  injection  control  is  by  a  digital  valve  with  secondary  nozzle  unit 
selection  by  on-off  valves. 

Gaseous  nitrogen  will  be  blown  off  from  the  second  cross  leg,  through  a  man; 'old 
surrounding  the  ducting.  Via  a  silencer,  the  nitrogen  is  led  into  the  exhaust  stack  where 
it  is  mixed  with  surrounding  air.  The  mixing  is  forced  by  two  fans  and  by  an  ejector  sys¬ 
tem  which  draws  outside  air  into  the  stack  (Pig.  27). 


The  mixture  of  GN^  and  air  is  blown  into  the  atmosphere  at  an  adequate  velocity  to 
prevent  any  safety  and  fogging  hazards.  The  exhaust  stack  will  be  about  4. 4  m  in  diameter 


and  about  50  m  high. 


b  .  7  ENVIRONMENT 

A  noise  study  undertaken  recently  has  indicated  that  the  noise  level  from  the  faci¬ 
lity  througnout  the  operating  envelope  will  be  within  acceptable  limits  in  both  the 
near  and  far  field  regions. 

_ PILOT  TUNNEL 

The  pilot  tunnel  (PETW)  is  a  scaled-down  (1:8. version  of  ETW.  It  has  been  instal¬ 
led  at  NEK,  Amsterdam.  The  main  characteristics  are  shown  in  figure  28.  After  the  end  of 
the  acceptance  tests  it  will  be  used  to  check  the  aerodynamic  performance  of  the  ETW  cir¬ 
cuit  i losses,  diffuser  performance,  need  for  a  second  throat),  to  perform  control  studies 
in  order  to  validate  mathematical  models  used  for  ETW  control  studies,  and  to  gain  opera¬ 
tional  experience  with  a  transonic  cryogenic  tunnel. 

An  artist's  impression  of  the  tunnel  in  its  cold  box  is  given  in  figure  29. 

The  test  section  (Fig.  30)  is  equipped  with  slotted  walls  (6  slots  on  top  and  bottom 
walls,  2  slots  on  sidewalls).  All  16  slots  are  5  mm  wide  (8£  open  area  ratio  average) 
linearly  tapered  at  the  upstream  end  and  equipped,  at  the  downstream  end,  with  adjustable 
finger  type  re-entry  flaps.  Whilst  ETW  will  have  a  flexible  nozzle  the  PETW  nozzle  is  for¬ 
med  by  interchangeable  pairs  of  contoured  blocks,  one  for  the  subsonic  regime,  one  for 
>\  :  1.2  and  one  for  M  =  1.35.  The  Mach  number  range  is:  .3  to  1.35.  The  temperature  range 

is:  90  K  to  310  K.  The  pressure  range  is:  1  to  4 . 5  bar. 

The  fan  has  two  stages  v  i.th  blading  based  on  the  NACA  65  series.  Each  stage  has  34 
rotor  blades  and  43  stator  bl  ides  with  provision  for  changing  the  stagger  angle. 

The  tunnel  shell  and  most  of  tunnel  components  are  made  from  alluminium  alloy.  Pairs 
of  thermocouples  are  fitted  at  locations  where  large  temperature  gradients  could  occur 
during  the  cool-down  or  warm-up  process.  Thermal  stresses  can  be  kept  to  an  acceptable 
level  if  the  temperature  difference  is  controlled  accordingly. 

The  complete  facility  (including  the  drive  system)  is  supported  on  a  baseframe 
mounted  on  ant i-v ibra t ion  mountings.  The  shell  is  attached  to  the  baseframe  at  4  loca¬ 
tions  with  a  fixed  anchor  point  at  the  fan.  The  support  system  allows  axial  movement 
of  the  fan  leg  while  the  rest  of  the  circuit  can  move  in  any  horizontal  direction. 

The  drive  system  consists  of  a  1  MW  variable  speed  dc  motor  and  a  gearbox  with  a 

ratio  of  1:6.75.  The  maximum  output  shaft  rotational  speed  is  9000  revolutions  per 

minute.  The  drive  is  rated  for  intermi t tent  operation  of  30  minutes  at  full  power  fol¬ 
lowed  by  60  minutes  cooldown. 

The  tunnel  insulation  is  mainly  of  the  cold  box  type,  except  for  around  the  nozzle 
and  the  plenum  where  individual  removable  insulating  blocks  are  applied.  The  cold  box  is 
made  of  adapted  standard  modular  panels  of  rigid  polyurethane  foam  100  mm  thick,  sand¬ 
wiched  between  two  thin  aluminium  plates.  Panels  are  internally  lined  with  a  50  mm  thick 
layer  of  phenolic  foam  covered  with  mylar.  During  tunnel  operation,  the  cold  box  is  con¬ 
tinuously  purged  with  nitrogen  and  maintained  slightly  above  atmospheric  pressure  to  pre¬ 
vent  ingress  of  moisture. 
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Figure  Jl  shows  how  the  PETW  is  installed  in  its  building,  whereas  figure  32  shows 
P  ETW  with  1 1  s  nigrogen  blow-off  system  and  the  cold  box  partly  removed. 

The  liquid  nitrogen  is  stored  in  a  28.5  m^  tank.  The  liquid  transfer  system  is  si¬ 
zed  for  a  maximum  mass  flow  of  about  6.5  kg/sec.  Transfer  is  achieved  either  through 
a  constant  speed  pump  or  by  tank  pressur isat ion .  For  safety  and  environmental  reasons, 
t  lie  exhaust  pipework  is  fitted  with  a  0.  375  MW  gas  heater  and  a  silencer. 

The  data  system  is  organised  around  a  HP  1000  computer  with  peripherals  (printer, 
vdu ,  x-y  plotter,  disk) . 

The  control  system  is  manual.  The  tunnel  will  be  operated  from  a  control  desk  lo¬ 
cated  in  an  enclosed  air-conditioned  cabin  in  the  tunnel  room.  Briefly,  the  system  in¬ 
cludes  controls  and  displays  for: 
liquid  nitrogen  injection 
gaseous  nitrogen  exhaust 
tunnel  and  cold-box  purging  systems 
tne  drive  and  its  auxiliary  systems 
tne  fan  and  its  auxiliary  systems 
oxygen  level  monitoring  in  all  rooms  around  PETW 

6.  AERODYNAMIC  CIRCUIT  TEST  RIG 

In  order  to  check  the  aerodynamic  performance  and  flow  quality  of  ETW  it  was  deci¬ 
ded  to  construct  a  test  rig  although  it  was  realised  that  the  Reynolds  number  would  be 
about  2  orders  of  magnitude  lower  than  in  ETW.  It  was  constructed,  and  the  tests  were 
conducted  by  DFVLR  Koln-Porz  under  contract  to  ETW. 

The  flow  quality  goals  for  ETW  are  presented  in  figure  33.  ETW  is  designed  to  pro¬ 
vide  aerodynamic  data  of  high  standard  in  a  relatively  short  running  time.  This  implies 
that  the  flow  quality  has  to  be  excellent  and  the  specification  is  fram'd  accordingly. 
The  test  rig  (Fig.  34)  is  a  model  windtunnel  simulating  the  ETW  circuit  starting  from 
the  cross-leg  up-stream  of  the  settling  chamber,  through  the  complete  high-speed  leg 
and  the  following  cross-leg  to  the  compressor  inlet  section.  The  back-leg  .has  been 
opened  to  be  able  to  run  the  rig  in  a  blow-down  or  suction  mode.  The  working  fluid  is 
ambient  temperature  air.  The  scale  of  the  rig  with  respect  to  ETW  is  the  same  as  that 
of  PETW  (1:6.8),  A  photograph  of  the  test  rig  is  given  in  figure  )5. 

The  following  measurements  and  investigations  were  conducted: 

Longitudinal  static  pressure  distribution  along  the  test  rig  on  the  upper  and  inner 
w  a  11s 

total  head  surveys  at  several  stations 

flow  angularity  and  Mach  number  distributions  in  the  test-section 

boundary- layer  development  in  the  high  speed  diffuser  with  and  without  highly-distur¬ 
bed  inlet  flow,  with  and  without  diffuser  blow-off 
visualisation  of  flow  separations 

unstationary  pressure  fluctuations  and  turbulence. 

noise  measurements  (power  spectral  densities,  coherence  and  phase  spectra)  with  and 
without  choking  at  the  end  of  the  test  section. 

Some  typical  test  results  are  presented  in  figure  36  (Mach  number  distribution  in 
test  section  at  M  =  0.85)  and  figure  37,  which  shows  a  typical  flow  angularity  distri- 
but ion. 

Figure  38  provides  a  comparison  of  total  head  losses  as  measured  in  the  test  ng 
with  calculations. 

The  noise  measurements  demonstrated  that  sound  from  downstream  of  the  test  section 
is  the  dominant  contribution  to  the  pressure  fluctuations  in  the  test  section  and  that 
this  can  effectively  be  cut  off  by  choking  the  tunnel  at  the  end  of  the  test  section. 
Figure  30  shows  the  pressure  spectra  for  the  choked  and  the  unchoked  cases  at  M  =  0.8 
in  the  test  rig. 

In  general,  the  conclusion  from  the  test  rig  results  is  that  the  flow  quality  and 
aerodynamic  performace  goals  of  ETW  appear  to  be  met. 

9 .  (■  l  T U  RE  DEVELOPMENT 

At  the  time  of  writing  all  four  participating  countries  have  expressed  their  inte¬ 
rest  in  continuing  the  project  and  have  agreed  upon  the  site  to  be  at  the  DFVLR  esta¬ 
blishment  in  Cologne. 

Presently  the  go-ahead  and  signing  of  the  MoU  is  awaited  for  the  next  phase 
(Phase  2.  of  the  project,  which  will  be  the  writing  of  the  Requests  for  Proposals  for 
the  various  construction  work  packages.  This  phase  is  now  expected  to  start  mid  1985  and 
to  last  2  years.  Following  this  tendering,  detail  design  and  construction  will  take 
approximately  6  years  followed  by  commissioning  and  calibration,  each  being  of  1  year 
aur.it  i on . 

The  overall  expected  time  schedule  of  the  project  is  shown  in  figure  40. 
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FIGURE  3 )  Photograph  of  test  rig  at  DFVLR 
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THE  NASA  LANGLEY  0 . 3-m  TRANSONIC  CRYOGENIC  TUNNEL 

by 

Robert  A.  Kilgore 
NASA  Langley  Research  Center 
Hampton,  VA  23665 
U.S.A. 


SUMMARY 

The  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (0.3-m  TCT )  can  operate  from  ambient  to 
cryogenic  temperatures  at  absolute  pressures  from  1  to  6  bars.  Since  the  0 . 3-m  TCT  began 
operation  in  1973,  it  has  been  used  to  develop  instrumentation  and  operating  techniques 
for  cryogenic  tunnels  as  well  as  for  aerodynamic  tests  where  advantage  can  be  taken  of 
the  extremely  wide  range  of  Reynolds  number  available. 

This  paper  describes  the  present  capabilities  of  the  0 . 3-m  TCT  and  gives  an 
overview  of  recent  research  activities  which  include  both  steady  and  unsteady  testing. 
Emphasis  is  given  to  safety  and  the  development  of  testing  techniques  for  cryogenic 
tunnels.  Results  of  studies  aimed  at  establishing  the  lower  limits  of  operating 
temperature  are  presented  and  the  impact  of  these  studies  on  tunnel  operation  is 
discussed.  Finally,  the  design  features  and  operating  characteristics  of  a  new  self- 
streamlining  wall  test  section  recently  installed  in  the  tunnel  circuit  are  described. 


1.  INTRODUCTION 

Following  the  successful  completion  of  the  Low-Speed  Cryogenic  Tunnel  studies  at 
the  Langley  Research  Center  in  the  summer  of  1972,  it  was  decided  to  build  a  relatively 
small  fan-driven  transonic  cryogenic  pressure  tunnel  in  order  to  extend  our  experience 
with  cryogenic  tunnels  to  the  pressure  and  speed  range  contemplated  for  a  large  high 
Reynolds  number  transonic  cryogenic  tunnel.  The  purpose  of  the  Pilot  Transonic  Cryogenic 
Tunnel  was  to  demonstrate  in  compressible  flow  that  Reynolds  number  dependent  aerodynamic 
phenomena  behave  in  the  same  manner  when  a  given  Reynolds  number  is  obtained  by 
temperature  as  when  obtained  by  pressure,-  to  demonstrate  the  method  of  cooling  at  the 
relatively  high  fan-drive  pc'-er  levels  required  for  transonic  operation;  to  determine  any 
limitations  imposed  by  liquefaction  of  the  test  gas;  to  verify  engineering  concepts  with 
a  realistic  tunnel  configuration;  and  to  provide  additional  operational  experience  beyond 
that  provided  by  the  low-speed  tunnel. 

Design  of  what  was  to  be  known  as  the  Pilot  Transonic  Cryogenic  Tunnel  began  in 
December  of  1972  and  initial  operation  began  in  August  of  197).  The  first  run  at 
cryogenic  temperatures  (172  K  or  lower)  was  made  on  October  16,  1973,  less  than  2 
years  after  work  was  started  at  Langley  on  the  cryogenic  wind  tunnel  concept. 

The  Pilot  Transonic  Cryogenic  Tunnel  has  been  outstandingly  successful  in 
fulfilling  the  purposes  for  which  it  was  built.  It  has  been  made  an  "official"  NASA 
facility,  renamed  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (O.)-m  TCT)  and  is  now 
seeing  service  in  a  wide  range  of  experimental  programs.  These  programs  include 
research  in  aerodynamics  and  cryogenic  wind  tunnel  technology. 

It  is  the  purpose  of  this  paper  to  report  on  some  of  the  more  significant  design 
and  operational  aspects  of  the  0.3-m  TCT  as  well  as  some  of  the  more  recent  test 
results.  In  addition,  this  paper  will  describe  modifications  presently  being  made  to 
the  tunnel  to  fit  it  with  a  two-dimensional  adaptive  wall  test  section. 


2.  DESCRIPTION  OF  TOE  0.3-m  TRANSONIC  CRYOGENIC  TUNNEL 

As  noted  in  the  introduction,  the  tunnel  now  known  as  the  0.3-m  Transonic  Cryogenic 
Tunnel  (0.3-m  TCT)  started  out  being  known  as  the  Pilot  Transonic  Cryogenic  Tunnel.  The 
basic  tunnel  structure  has  not  been  altered  in  the  11  years  since  it  was  built.  However, 
the  original  test  section  has  been  changed  and  a  continuous  series  of  changes  have  been 
made  to  the  control,  instrumentation,  and  data  acquisition  s  ->systems  and  to  the  tunnel 
operating  procedures.  In  the  sections  which  follow,  an  a*  .  will  be  made  to 

differentiate  between  the  original  tunnel  configuration  and  its  subsystems  and  the 
present  tunnel  and  its  improved  subsystems. 

2.1  General  Description 

A  sketch  of  the  0.3-m  TCT  is  shown  in  Figure  1.  The  0.3-m  TCT  is  a  fan-driven 
tunnel  originally  fitted  with  a  slotted  octagonal  test  section  which  was  34.3  cm  between 
flats.  This  was  a  scaled  down  version  of  the  test  section  used  for  the  Langley  16-Foot 
Transonic  Tunnel  before  it  was  equipped  with  a  plenum  suction  system.  It  was  in  this 
test  section  that  the  transonic  cryogenic  tunnel  "proof  of  concept"  tests  were  made. 

The  fan  is  driven  by  a  variable  speed,  2.25  MW  electric  motor.  In  its  original 
three-dimensional  configuration,  the  tunnel  could  be  operated  at  Mach  numbers  from  near 
0.05  to  about  1.3  at  stagnation  pressures  from  slightly  greater  than  1  bar  to  5  bars  over 
a  temperature  range  from  340  K  to  about  77  K.  The  ranges  of  pressure  and  temperature 
made  it  possible  to  investigate  almost  a  5  to  1  range  of  Reynolds  number  effects  by 
independently  varying  either  pressure  or  temperature. 


i  v: 


The  tunnel  pressure  shell  is 
made  of  plates  of  6061-T6  and 
5081  aluminum  alloys  which  were 
either  bent  or  machined  to  shape 
and  welded  to  form  the  different 
sections  of  the  tunnel.  The 
sections  are  joined  together  by- 
bolted  flanges  sealed  with  a 
wide  variety  of  suitable  gasket 
materials.  As  shown  in  Figure  1, 
the  tunnel  is  fixed  at  the  fan 
section  and  allowed  to  move  on 
sliding  joints  relative  to  the 
fan  section  to  accommodate  thermal 
contraction  and  expansion. 

2.2  Thermal  Insulation  System 
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Fig.  1  Sketch  of  0.3-m  TCT. 


Except  for  intermittent  cryogenic  tunnels  having  very  short  run  times,  such  as  the 
cryogenic  isentropic  light  piston  tunnel  (CILPT)  at  Cranfield  with  a  run  time  of  0.3 
seconds,  cryogenic  tunnels  are  generally  fitted  with  thermal  insulation.  The  insulation 
system  generally  satisfies  certain  requirements  for  safety  as  well  as  operational 
efficiency.  The  location  of  the  insulation,  whether  inside  or  outside  the  tunnel 
structure,  as  well  as  the  type  of  insulating  material,  are  determined  after  careful 
cons iderat ion  of  many  factors  peculiar  to  each  cryogenic  wind  tunnel.  This  short 
digression  is  made  to  emphasize  the  important  point  that  the  insulation  system  which  has 
evolved  for  the  0.3-m  TCT  is  well  suited  for  the  0.3-m  TCT,  but  may  not  be  the  optimum 
thermal  insulation  system  for  other  cryogenic  tunnels.  Many  of  the  factors  which 
influence  the  choice  of  thermal  insulation  for  a  cryogenic  wind  tunnel  are  discussed  in 
Reference  1, 


2.2.1  Original  Insulation  System 

Since  the  0.3-m  TCT  was  the  first  wind  tunnel  built  specifically  for  cryogenic 
operation,  there  was  a  tendency  toward  a  very  conservative  design.  This  led  to  a  rather 
complex  and  expensive  thermal  insulating  system.  Basically,  the  original  insulation 
system  consisted  of  two  separate  layers  of  polyurethane  foam,  each  of  which  was  formed  in 
place,  separated  by  two  layers  of  glass  fiber  cloth.  In  addition,  two  layers  of  cloth 
separated  the  tunnel  pressure  shell  from  the  inner  layer  of  foam.  The  combined  thickness 
of  the  foam  and  the  glass  cloth  was  approximately  13  cm.  The  outer  layer  of  foam  was 
covered  with  a  hard  shell  vapor  barrier  of  glass  fiber  reinforced  polyester. 

Operational  experience  with  the  original  insulation  system  soon  demonstrated  that 
in  order  to  temporarily  remove  and  reinstall  even  a  small  portion  of  the  insulation  for 
inspection,  tunnel  modification,  or  repair,  the  services  of  skilled  technicians  had  to 
be  procured  at  considerable  expense  and  tunnel  downtime. 

Upon  removal  of  the  original  insulation  system  during  a  major  modification  to  the 
tunnel,  large  areas  of  corrosion  were  discovered  on  the  exterior  walls  of  the  aluminum 
pressure  shell.  This  evidence  of  moisture  condensation  was  taken  as  proof  of  leaks  in 
the  vapor  barrier  and  demonstrated  the  possibility  of  condensing  oxygen  on  the  external 
tunnel  walls  at  the  lower  tunnel  operating  temperatures.  Since  polyurethane  foam  is  not 
an  oxygen  compatible  material,  the  evidence  of  moisture  condensation  was  regarded  as  a 
serious  safety  hazard  which  should  be  corrected. 

2.2.2  New  Insulation  System 

As  a  result  of  the  operational  experience  noted  above,  a  new  thermal  insulation 
system  was  designed,  tested  on  an  unused  section  of  the  original  0.3-m  TCT,  and  shown  to 
perform  well  under  conditions  typical  of  those  that  would  be  encountered  during  the 
operation  of  the  0.3-m  TCT.1'2 

The  thermal  insulation  system  presently  used  on  the  0.3-m  TCT  was  selected  based  on 
the  requirements  noted  in  Reference  i  as  well  as  experience  gained  with  the  original 
Insulation  system  described  above.  The  present  insulation  system  is  actually  a 
combination  of  insulation  subsystems  as  required  by  the  particular  section  of  the  tunnel 
being  insulated.  The  main  insulation  system  for  the  tunnel  is  a  simple  glass  fiber  wrap 
covered  by  a  vapor  barrier  and  slightly  inflated  by  a  continuous  dry  nitrogen  purge. 

The  following  sections  describe  the  thermal  insulation  system  used  on  the  cylindrical 
sections  of  the  0.3-m  TCT.  Details  are  given  in  Reference  1  on  how  the  test  section, 
flanges,  supports,  and  other  special  sections  of  the  tunnel  are  insulated. 

Insulation  material.-  Each  of  the  cylindrical  sections  of  the  tunnel  is  wrapped 
with  four  successive  mats  of  spun  glass  fiber  insulation.  In  the  uncompressed  state, 
each  mat  has  a  thickness  of  approximately  2.5  cm  and  a  density  of  about  176  kg/m-*. 

The  mats  contain  no  material  other  than  the  glass  fiber.  Each  mat  is  held  together  by 
fiber  interlocking  which  was  accomplished  during  manufacture  by  repeatedly  punching  blunt 
needles  through  the  thickness  of  the  mat.  This  type  of  material  was  selected  rather  than 
the  more  conventional  bonded  glass  fiber  mat  in  order  to  avoid  the  introduction  of  any 
combustible  material  into  areas  cold  enough  to  condense  oxygen  from  the  atmosphere. 


The  insulation  was  supplied  in  roils  of  122  cm  width,  which  is  less  than  the  length 
of  a  typical  tunnel  section,  thus  necessitating  circumferential  butt  joints  as  well  as 
butt  joints  parallel  to  the  axis  of  the  cylinders.  Since  there  were  four  layers  of 
insulation,  it  was  possible  to  stagger  the  joints  to  avoid  having  more  than  one  joint  at 
any  given  location.  Each  layer  of  insulation  is  held  in  place  by  copper  wire  or  thin 
aluminum  bands. 


In  addition  to  the  four  layers  of  glass  fiber  mat,  an  outer  layer  of  woven  glass 

fiber  cloth  was  applied  and  secured  by  a  tightly  wrapped  spiral  of  a  IS  cm  wide  strip  of 

woven  glass  fiber  cloth.  The  combined  compressive  action  of  the  copper  wire  or  aluminum 

bands  and  the  cloth  strips  resulted  in  a  total  insulation  mat  thickness  of  approximately 

7.6  cm  and,  with  the  added  woven  cloth,  a  total  insulation  system  thickness  of 
approximately  8  cm. 

Vapor  barrier.-  The  woven  glass  cloth  layer  and  spirally  wrapped  strip  described 
above  formed  a  stable  foundation  for  the  vapor  barrier  system.  The  vapor  barrier 
covering  the  insulation  consists  of  three  separate  layers  applied  as  a  liquid  by  brush 
to  the  spirally  wound  glass  fiber  cloth.  The  first  layer  is  a  two  component  urethane 
elastomer  which  serves  as  a  flexible,  tough,  impact  resistant  coating  which  bonds  well 
to  the  glass  fiber  cloth.  This  layer  is  reasonably  impermeable  to  water  vapor  and 
serves  as  a  base  for  subsequent  layers  of  the  vapor  barrier  system. 

The  second  layer,  which  serves  as  the  main  impermeable  membrane  of  this  vapor 
barrier  system,  is  a  two  component  butyl  rubber  which  has  very  low  water  vapor 
transmission  rates,  but  is  soft  and  has  low  toughness.  The  third  and  outermost  layer 
is  chloro-sulfonated  polyethylene  which  serves  mainly  as  a  protective  coating  for  the 
butyl  rubber  layer. 


Purge  system.-  The  entire  glass  fiber  thermal  insulation  system  is  maintained  at  a 
positive  pressure  of  about  102.01  kPa  (0.1  psig)  by  a  purge  system  to  preclude  entry  of 
outside  air  or  moisture.  The  purge  gas  is  dry  nitrogen  which  is  readily  available  from 
the  normal  boil-off  of  the  liquid  nitrogen  storage  tanks.  The  dry  nitrogen  gas  is 
supplied  to  a  pressure  regulator  at  the  purge  system  supply  manifold  through  an 
uninsulated  copper  pipe  approximately  30  m  long  and  5  cm  in  diameter.  Because  of  the 
relatively  low  mass  flow  rate  of  the  nitrogen  purge  gas,  the  heat  transfer  from  the 
atmosphere  to  the  nitrogen  gas  through  the  uninsulated  copper  pipe  is  sufficient  to 
raise  the  gas  temperature  to  ambient  by  the  time  it  reaches  the  supply  manifold  at  the 
tunnel.  From  the  supply  manifold,  the  dry  nitrogen  purge  gas  is  delivered  to  each 
section  of  the  tunnel  insulation  through  small  (9.5  mm  o.d.)  flexible  plastic  tubes. 

The  purge  gas  flows  through  a  perforated  copper  tube  (9.5  mm  o.d.)  buried  in  the 
insulation  and  running  the  full  length  of  each  of  the  tunnel  sections.  In  this  way,  the 
purge  gas  is  introduced  relatively  evenly  into  the  glass  fiber  insulation.  The  purge 
gas  is  collected  in  a  similar  perforated  tube  located  180°  around  the  tunnel  section. 

The  flow  area  provided  by  the  perforations  is  larger  in  the  outlet  tube  than  the  inlet 
tube  in  order  to  guard  against  any  malfunction  of  the  purge  gas  supply  system  that  would 
apply  an  overpressure  to  the  vapor  barrier  system.  In  a  manner  similar  to  the  inlet 
flow,  the  outlet  flow  is  collected  from  each  of  the  tunnel  sections  through  flexible 
tubes  which  are  connected  to  an  exhaust  manifold  vented  to  the  atmosphere. 

When  operating  at  the  lowest  temperatures,  portions  of  the  tunnel  pressure  shell 
can  approach  the  temperature  of  boiling  liquid  nitrogen  at  one  atm,  77.35  K.  For  this 
reason,  the  purge  gas  pressure  must  be  selected  with  some  care.  For  example,  should  a 
purge  gas  pressure  of  108.22  kPa  (1  psig)  be  used,  the  purge  gas  will  start  to  condense 
when  the  pressure  shell  wall  temperature  reaches  78.0  K.  By  reducing  the  purge  gas 
pressure  to  the  design  pressure  of  102.01  kPa  (0.1  psig),  the  wall  temperature  must  be 
below  77.47  K  for  the  purge  gas  to  condense.  This  is  only  slightly  higher  than  the 
boiling  temperature  of  liquid  nitrogen  at  atmospheric  pressure,  77.35  K,  thus  qreatly 
reducing  the  likelihood  of  collecting  liquid  nitrogen  due  to  condensation  of  the  purge 
gas  within  the  insulation  layer. 


Compared  to  the  previous  insulation  system,  the  present  system  was  almost  an  order 


of  magnitude  lower  in  initial  installation 
present  system  is  related  to  improvements 
in  productivity.  The  time  required  to 
reactivate  the  insulation  system  after  it 
has  been  opened  for  some  tunnel  function 
typically  has  been  reduced  from  a  few 
days  for  the  previous  system  to  a  few 
hours  for  the  present  system. 

2.3  Liquid  Nitrogen  System 

A  schematic  drawing  of  the  liquid 
nitrogen  (LN2)  system  as  it  is  now 
configured  is  shown  in  Figure  2.  LN2 
is  stored  at  near  atmospheric  pressure 
in  two  vacuum  insulated  tanks  having  a 
total  capacity  of  about  212,000 
litres.  In  the  present  configuration, 
the  pipes  leading  from  the  storage 
tanks  to  the  LN2  pumps  are  a  bit  too 


costs.  However,  the  major  advantage  of  the 


Fig.  2  Schematic  of  LN2  system  and 
nitrogen  exhaust  system. 
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small,  under  insulated ,  and  have  too  many  abrupt  turns  to  permit  operation  using  head 
pressure  only.  Therefore,  immediately  prior  to  starting  the  LN 2  pump,  the  LN’2  supply 
tank  must  be  pressurized  to  an  absolute  pressure  of  about  1.7  bars  in  order  to  mainta  :i 
sufficient  net  positive  suction  head  at  the  pump  inlet  to  prevent  cavitation.  The 
larger  of  two  LN2  pumps  is  driven  by  a  22-kW  constant-speed  electric  motor  and  has  a 
capacity  of  about  500  litres  per  minute  wi^h  delivery  at  an  absolute  pressure  of  aoout  9 
bars.  The  LN2  supply  pressure  is  set  and  held  constant  by  the  pressure  control  valve 
which  regulates  the  amount  of  liquid  returned  to  the  storage  tank  through  the  pressure- 
control  return  line. 

Tunnel  temperature  is  controlled  by  a  closed-loop  feedback  control  system  which 
regulates  the  flow  of  LN2  into  the  tunnel  circuit.^  Four  identical  10  bit  digital 
control  valves**  operate  in  accordance  with  command  signals  issued  from  a  digital 
microcomputer-controller.  A  copper  constantan  thermocouple  located  m  the  settling 
chamber  serves  as  the  temperature  sensing  element  for  the  digital  control  system.  Due 
to  the  wide  ranges  of  tunnel  pressure  and  Mach  number,  it  is  necessary  to  control  ln2 
flow  rates  from  about  4  litres  per  minute  to  about  500  litres  per  minute.  The  1023:1 
turndown  ratio  provided  by  the  10-bit  digital  control  valves,  in  combination  with  the 
ability  to  control  the  LN2  supply  pressure,  makes  possible  precise  control  of  the  LN2 
flow  rate  and,  therefore,  precise  control  of  tunnel  total  temperature  over  this  very 
wide  range. 

Tn  its  original  configuration,  the  LN2  supply  system  did  not  have  the  pressure 
control  loop  as  shown  in  Figure  2,  but  rather  was  dead-ended  at  the  tunnel.  This 
resulted  in  an  excessive  cooldown  time  for  the  LN2  pipe  leading  to  the  tunnel  as  well 
as  temperature  control  problems  caused  by  the  boiling  of  the  LN2  in  the  supply  pipes  at 
the  low  liquid  flow  rates  required  for  low-speed  operation  of  the  tunnel. 

2.4  Nitrogen  Exhaust  System 

The  system  for  exhausting  gaseous  nitrogen  from  the  tunnel  is  shown  schemat ica 1 ly 
in  Figure  2.  Tunnel  pressure  is  adjusted  by  means  of  an  8-bit  digital  valve  and  two 
hydraul ically  operated  valves  in  exhaust  pipes  leading  to  the  atmosphere  from  the  low- 
speed  section  of  the  tunnel.  Using  this  system,  stagnation  pressure  can  be  varied  from 
about  1.1  to  6.2  bar.  A  total  pressure  probe  located  downstream  of  the  screens  provides 
the  reference  pressure  measurement  for  the  automatic  pressure  control  system. 

As  originally  designed,  the  nitrogen  exhaust  from  the  tunnel  vented  directly  to  the 
atmosphere  from  pipes  carried  through  the  roof  of  the  building  housing  the  tunnel.  A 
severe  fogging  problem  existed  with  this  original  design  during  periods  of  hi jh  humidity 
and  low  wind  speed.  On  several  occasions,  it  was  necessary  to  suspend  operations  until 
there  was  a  favorable  change  in  the  weather. 

A  simple  and  effective  solution  to  this  problem,  for  the  vast  majority  of  weather 
conditions,  has  been  found  and  consists  of  a  simple  exhaust  driven  ejector.  The  low- 
pressure  ejector  induces  ambient  air  which  dilutes  and  warms  the  cold  nitrogen  exhaust 
gas.  The  resulting  foggy  mixture  is  propelled  high  into  the  air  and  dissipates.  This 
simple  exhaust  ejector,  which  has  an  area  ratio  of  about  5:1,  induces  sufficient  ambient 
air  to  increase  the  oxygen  level  of  the  mixture  to  about  11  percent  and  discharges  the 
mixture  so  effectively  that  it  has  completely  eliminated  the  fogging  problem  except  under 
the  most  adverse  weather  conditions.  The  ejector  is  designed  so  that  the  mixing  of  the 
cold  exhaust  gas  and  the  ambient  air  occurs  near  the  outlet  of  the  ejector  in  order  to 
prevent  ice  buildup  either  on  the  inside  or  outside  of  the  ejector. 

2.5  Results  from  the  Pilot  Transonic  Cryogenic  Tunnel 

The  Pilot  Transonic  Cryogenic  Tunnel  was  successfully  used  to  verify  the  cryogenic 
wind  tunnel  concept  at  transonic  speeds  and  provided  much  needed  design  and  operational 
experience  for  the  development  of  larger  cryogenic  transonic  tunnels. 

The  most  significant  experimental  study  made  in  the  Pilot  Tunnel  was  of  a  so-called 
"validation  airfoil."  Based  on  the  "real-gas"  studies  of  Adcock6,  it  was  expected 
that  airfoil  pressure  distributions  measured  for  the  same  values  of  Reynolds  number  and 
Mach  number  should  be  the  same  at  cryogenic  and  ambient  temperature  conditions.  However, 
in  order  to  provide  experimental  verification  of  this  equivalence,  the  pressure 
distribution  on  a  two-dimensional  airfoil  was  measured  in  the  pilot  tunnel  at  both 
ambient  and  cryogenic  temperatures  at  the  same  Reynolds  number  and  Mach  number  by 
varying  tunnel  pressure.  The  almost  perfect  agreement7  in  the  pressure  distributions 
provided  the  first  experimental  confirmation  at  transonic  speeds  that  nitrogen  at 
cryogenic  temperatures  behaves  .ike  a  perfect  gas  and  is,  therefore,  a  valid  transonic 
test  gas  as  predicted  by  the  real-gas  studies. 

The  major  conclusions  with  respect  to  the  operation  and  performance  of  this  tunnel 
(as  both  a  pilot  tunnel  and  as  a  proper  NASA  "facility")  after  over  5000  hours  of 
operation,  mostly  at  cryogenic  temperatures,  are  as  follows: 

(1)  Pui  jing,  cooldown,  and  warm-up  times  are  acceptable  and  can  be  predicted 
with  good  accuracy. 

(2)  The  quantity  of  liquid  nitrogen  required  for  cooldown  and  running  can  be 
predicted  with  good  accuracy. 


(  !i  Cooling  with  liquid  rutroqen  is  practical  at  the  f>owor  levels  required  for 

transonic  testing .  Test  temperature  is  easily  controlled  and  good  temperature 
distribution  obtained  by  using  a  simple  li  :uid  nitrogen  in]ect ion  system. 

2.6  Present  Status 

In  the  summer  of  197b,  the  Pilot  Transonic  Cryogenic  Tunnel  was  fitted  with  a 
20  x  bO  cm  two-dimensional  test  section,  classified  as  a  NASA  "facility"  and  renamed  the 
O.i-m  Transonic  Cryogenic  Tunnel,  commonly  referred  to  as  the  0.3-m  TCT.  With  this  two- 
dimensional  test  section,  the  variable  fan  sp«'ed  allows  the  Mach  number  to  he 
continuously  varied  from  0.02  to  slightly  above  0.9. 

For  two-dimensional  testing,  the  model  is  rigidly  mounted  between  turntables 
located  m  each  side  wall.  Th 're  are  windows  in  the  top  of  the  plenum  as  well  as 
windows  in  the  upper  portion  of  the  turntable  which  allow  limited  viewing  of  the  region 
above  the  model.  A  traversing  mechanism  may  be  installed  downstream  of  the  model.  A 
total  pressure  rake  is  typically  installed  or  t:.e  traversing  mechanism  to  measure  the 
wake  pressure  profile  at  several  span-wise  locations  to  provide  drag  data  and  to  verify 
that  the  flow  over  the  model  is  two-dimensional.  Typically,  5  tubes  are  used  across  the 
span  measuring  from  around  the  centerline  of  the  model  toward  one  wall. 

Upstream  of  the  turntable  are  two  porous  plates  for  sidewall  joundary-layer 
removal.  Piping  connected  to  the  back  side  of  the  porous  plate  leads  to  a  variable 
speed  compressor.  The  compressor  can  remove  at  least  4  percent  of  the  test  section  mass 
flow  at  all  test  conditions. 

It  should  be  noted  that  the  actuators  for  the  model  support  turntables  and  the 
traversing  mechanism  are  located  outside  the  tunnel  in  the  ambient  temperature  and 
pressure  environment.  The  same  is  true  for  the  pressure  instrumentation.  Installation 
of  this  equipment  inside  the  cryogenic  environment  has  not  proved  to  be  reliable. 

Further  details  of  the  20  x  60  cm  test  section  may  be  found  in  Reference  8. 

An  extensive  program  was  undertaken  in  1978  to  certify  the  tunnel  circuit  for 
testing  at  stagnation  pressures  of  about  6  bars  absolute  rather  than  the  5  bars  absolute 
for  which  it  was  originally  designed.  This  upgrading  was  considered  to  be  consistent 
with  the  strength  of  the  pressure  shell  and  would  provide  an  additional  Reynolds  number 
capability  as  well  as  the  ability  to  approximate  more  closely  the  8.8  bars  absolute 
stagnation  pressure  of  the  U.S.  National  Transonic  Facility. 

The  tunnel  was  completely  stripped  of  the  original  insulation  and  the  entire 
circuit  visually  inspected  and  x-rayed  for  possible  structural  damage.  It  is  estimated 
that  at  the  time  of  the  inspection  the  tunnel  had  operated  for  about  2000  hours  and  had 
been  subjected  to  about  600  complete  pressure-temperature  cycles.  The  requirements  for 
certification  of  the  pressure  shell  to  a  6  bar  absolute  pressure  operating  capability 
required  fairly  extensive  removal  of  original  welds,  rewelding,  and  testing.  However,  it 
should  be  noted  that,  even  after  several  years  of  operation  at  absolute  pressures  up  to 
5  bars,  the  pressure  shell  had  maintained  structural  integrity.  Following  certification 
for  operation  at  an  absolute  pressure  of  6  bars,  the  new  thermal  insulation  system 
described  in  section  2.2.2  was  installed. 

With  the  operating  pressure  increased  to  slightly  over  6  bars  absolute,  the 
0.3-m  TCT  became  the  highest  Reynolds  number  airfoil  testing  facility  in  the  world  with 
its  test  Reynolds  number  capability  of  up  to  400  million  per  metre.  Additional  details 
of  the  operational  characteristics  of  the  0.3-m  TCT  are  given  in  Reference  5. 

In  addition  to  testing  advanced  airfoils,  the  0.3-m  TCT  is  being  used  to  support  a 
program  at  Langley  aimed  at  developing  cryogenic  tunnel  technology  in  areas  such  as 
model  construction,  test  techniques,  control  systems,  and  efficient  operating 
proc°  ures .  ' 10 ' 11  The  results  of  some  of  the  more  recent  studies  in  these  areas  are 

give.,  in  later  sections  of  this  paper. 


3 .  SAFETY 

From  the  earliest  days  of  the  0.3-m  TCT,  beginning  with  the  design  of  the  tunnel, 
safety  has  been  an  ever  present  concern.  The  tunnel  was  designed  and  built  to  be  used 
for  no  more  than  60  hours  of  testing  in  order  to  verify  the  validity  of  the  cryogenic 
wind  tunnel  concept  at  transonic  speeds.  The  role  of  the  0.3-m  TCT  has  obviously 
changed  during  the  almost  12  years  of  operational  experience.  Rather  than  the  60  hours 
for  which  the  tunnel  was  designed,  as  previously  noted,  we  have  accumulated  over  5000 
hours  of  operation,  mostly  at  cryogenic  temperatures  and  at  absolute  pressures  ranging 
up  to  6  bars. 

Over  the  years,  as  a  direct  result  of  the  changing  research  roles  of  the  0.3-m  TCT, 
additions  and  modifications  have  been  made  to  the  physical  equipment  of  the  facility  as 
well  as  to  the  procedures  used  in  its  operation.  As  a  part  of  an  ongoing  program  within 
the  Experimental  Techniques  Branch  designed  to  ensure  that  the  existing  equipment  and 
operational  procedures  of  the  0.3-m  TCT  facility  are  acceptable  in  terms  of  current 
standards  of  safety  for  cryogenic  systems,  two  independent  safety  reviews  have  been  made 
by  outside  consultants.  2 r13 
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As  noted  in  Reference  13,  the  operation  of  the  0,3-m  TCT  involves  the  storaqe  of 
liquid  nitrogen  received  from  an  outside  sipplier,  the  transmission  of  liquid  nitrogen 
to  the  tunnel  by  pump,  and  the  exhaustion  of  the  gaseous  nitrogen  from  the  tunnel  to  the 
atmosphere.  In  general  these  operations  would  be  expected  to  lead  to  the  potential 
exposure  of  jiersonnel  and  equipment  to  the  following  hazards: 

(1)  Asphyxiation  due  to  oxygen  deficiency. 

(2)  Freezing  of  human  tissue  due  to  excessive  cold. 

(3)  Failure  of  metal  parts  and  materials  which  are  not  suitable  for  use  at 
low  temperatures. 

(4)  Overpressurization  failures  due  to  vaporization  of  trapped  liquid  nitrogen. 

(5)  Failures  due  to  differential  contraction  and  expansion. 

( t> )  Fires  and  explosions  caused  by  condensed  atmospheric  air  coming  in  contact 
with  combustible  material. 

(7)  Fog  formation  and  icing  due  to  escape  or  intentional  release  of  cold  fluids. 

(8)  Exposure  to  excessive  noise. 

(*)  Incorrect  installation  of  cryogenic  equipment. 

(10)  Inadequate  training  to  alert  personnel  on  hazards  which  are  alien  to  normal 
experience . 

Ill)  Inadequate  provision  of  rescue  equipment. 

A  brief  description  is  presented  in  the  following  sections  to  indicate  the  approach 
taken  at  the  0.3-m  TCT  to  avoid  the  hazards  listed  above. 

3.1  Organization 

Two  very  important  concepts  at  Langley  directly  related  to  safety  are  "quality 
assurance"  and  "configuration  control."  Quality  assurance  may  be  loosely  defined  as  a 
set  of  procedures  that  ensures  that  you  are  using  what  you  think  you  are  using,  whether 
it  be  a  complete  model  with  critical  design  dimensions  or  a  bolt  which  must  be  of  a 
specific  material  produced  in  a  prescribed  manner.  Configuration  control  is  loosely 
defined  as  having  records,  such  as  a  set  of  drawings,  which  reflect  the  true  up-to-date 
situation  with  respect  to  the  tunnel  hardware,  electrical  wiring,  plumbing,  etc. 

In  the  early  days  of  operation  of  the  Langley  0.3-m  TCT,  several  safety-related 
incidents  occurred  which  may  have  been  caused  by  our  inexperience  combined  with  the  lack 
of  a  proper  quality  assurance  program  and  an  organizational  structure  suitable  for 
cryogenic  wind  tunnels.  However,  soon  after  the  classification  of  the  0.3-m  TCT  was 
changed  from  a  pilot  tunnel  to  an  operational  wind  tunnel  facility,  it  was  decided  that 
all  materials,  models,  and  test  equipment  used  in  cryogenic  tunnels  at  Langley  would  be 
"flight  rated,"  a  generic  term  which  implies  that  there  is  a  special  concern  with  the 
overall  operating  environment,  design  criteria,  safety  factors,  and  quality  assurance  of 
the  article. 

As  might  be  expected,  the  subsequent  development  of  the  U.S.  National  Transonic 
Facility  ( NTF )  at  Langley  added  momentum  to  these  concerns  and  hastened  the  evolution  of 
new  quality  assurance  standards  and  review  procedures  for  cryogenic  testing.  New 
positions  of  responsibility,  such  as  "Cryogenic  Practice  Engineer,"  appeared  in  the 
organizational  structure,  and  handbooks  dealing  specifically  with  cryogenic  model 
criteria14  and  a  quality  assurance  plan15  were  incorporated  in  the  Langley  Safety 
Manua 1 . 

The  system  which  has  evolved  at  Langley  is  obviously  too  complicated  to  be 
considered  for  every  cryogenic  wind  tunnel.  This  is  especially  true  where  competent 
researchers  are  running  their  own  small  cryogenic  tunnels  and  the  results  of  an  accident 
would  not  be  catastrophic.  Most  small  cryogenic  tunnels  operating  at  atmospheric 
pressure  can  be  safely  operated  without  any  formal  safety  program.  However,  for  the 
larger  cryogenic  tunnels,  especially  those  that  are  pressurized,  there  are  certain  basic 
elements  of  a  formal  safety  program  which  provide  the  necessary  organizat ional  structure 
for  the  safe  and  efficient  operation  of  the  cryogenic  tunnel. 

At  Langley,  it  has  been  found  that  a  Facility  Safety  Head  (FSH)  and  a  Facility 
Coordinator  (FC)  should  be  formally  assigned  to  manage  the  day-to-day  safety  program. 
These  two  positions,  described  in  Reference  15,  provide  the  foundation  for  an  acceptable 
safety  program.  The  FSH  is  usually  a  research  engineer,  familiar  with  the  operation  of 
the  cryogenic  tunnel,  who  serves  as  the  on-site  manager  of  the  safety  program.  The 
primary  function  of  the  FSH  is  to  assess  and  control  hazards  and  thereby  minimize  the 
possibility  of  an  accident.  The  FC  is  normally  the  senior  technician  in  charge  of  the 
tunnel  operational  team  who  assists  the  FSH  in  conf igurat ion  management  and  the  safe 
operation  of  the  facility. 

In  addition  to  the  FSH  and  the  FC,  the  impartial  "third  party"  within  the 
organization  is  the  Cryogenic  Practice  Engineer  (CPE)  with  the  responsibility  of 
providing  a  constant  check  on  approach  of  designs  for  baseline  configuration  changes, 
models,  and  test  equipment.  The  CPE  has  an  up-to-date  collection  of  information  on 
subjects  related  to  the  selection  of  materials,  design,  and  fabrication  techniques  for 
cryogenic  wind  tunnel  devices. 

At  Langley,  any  significant  changes  or  additions  to  the  original,  "baseline," 
facility  configuration  is  processed  and  supervised  by  a  Technical  Project  Engineer  ( TPE ) 
who  is  responsible  for  coordinating  the  effort  with  the  FSH  to  insure  that  all  facility 
drawings  are  corrected  and  operational  procedures  are  updated  if  required. 


Finally,  each  research  project  in  the  tunnel,  such  as  an  airfoil  test,  is  sponsored 
and  supervised  by  a  Research  Project  Engineer  ( RPE)  who  has  a  thorough  knowledge  of  the 
details  of  the  individual  research  project  and  a  basic  familiarity  with  the  major 
^naracter is t ics  and  safety  concerns  of  the  facility. 

Prior  to  each  test,  a  pre-test  meeting  is  held  with  the  FSH ,  the  PC,  and  the  RPE 
present  to  review  the  safety  aspects  of  the  proposed  test,  including  a  detailed  review 
of  the  test  equipment  and  procedures. 

The  key  safety  elements  in  this  or  any  other  pressurized  cryogenic  tunnel  are: 

(1)  Define  and  document  the  original  or  "baseline"  facility  configuration. 

(2)  Validate  the  baseline  facility  conf igurat ion .  Basically,  this  involves  gradually 
extending  the  operation  of  the  tunnel  to  the  limits  of  its  operating  envelope. 

(3)  Control  and  document  all  changes  to  the  baseline  facility  configuration. 

(4)  Operate  the  facility  properly. 

3.2  Operational  Procedures 

The  development  and  maintenance  of  operational  procedures  and  check  sheets 
represents  a  continuing  task  at  the  0 . 3-m  TCT.  After  almost  12  years  of  operation,  we 
are  still  updating  and  modifying  our  procedures  and  check  sheets  to  reflect 
modifications  to  equipment  or  improvements  in  operating  procedures. 

The  operational  procedures  establish  a  set  procedure  for  all  major  recurring 
functions  and  tasks,  such  as  system  start-up,  purging,  cooldown,  operation,  warm  up, 
operational  limits,  protective  clothing,  "buddy”  system,  communications,  reoxygenation, 
tunnel  entry,  emergency  reactions,  low  C>2  response,  evacuation  of  facility,  and  system 
shutdown.  The  operational  procedures  also  provide  guidance  to  avoid  hazards  associated 
with  restricted  areas,  low  temperatures,  low  02  levels,  high  voltage  sources,  moving 
parts,  02  enrichment,  moisture  in  the  tunnel,  excessive  fogging  at  the  tunnel  exhaust, 
rupture  of  the  tunnel  or  nitrogen  systems,  and  "puddling"  of  LN2  in  the  tunnel. 

Check  sheets  are  used  each  time  the  0.3-m  TCT  is  being  prepared  for  a  test.  The 
check  sheets  are  arranged  by  system  and  provide  both  start-up,  operational,  and  shut¬ 
down  steps  which  are  checked  off  by  a  qualified  tunnel  technician  as  they  are  performed. 

In  the  0.3-m  TCT,  check  sheets  have  been  developed  for  tunnel  operation,  cooling  water 
system,  hydraulic  system,  tunnel  control  systems,  fan  drive  shaft  lubrication  system,  fan 
drive  motor  lubrication  system,  instrumentation,  LN2  system,  and  test  section. 

3.3  Training 

Training  is  a  vital  part  of  any  safety  program.  A  proven  and  acceptable  method  for 
training  and  qualifying  the  tunnel  technicians  is  to  address  the  training  by  facility 
system  categories  identical  to  the  categories  used  for  the  facility  check  sheets.  For 
example,  if  a  technician  is  qualified  on  the  drive  system,  that  technician  is  authorized 
to  prepare  the  drive  system  for  operation  and  "sign  off"  on  the  drive  system  start-up  and 
shutdown  check  sheets.  The  FSH  and  the  FC  share  responsibility  for  qualifying  the 
technicians  on  the  various  facility  and  tunnel  control  systems. 

It  is  essential  that  the  operators  of  pressurized  cryogenic  tunnels  be  provided 
with  training  that  leads  to  a  good  understanding  of  the  interaction  between  the  various 
tunnel  control  parameters.  Such  training  and  knowledge  enable  the  technicians  to 
control  the  tunnel  properly  and  to  respond  quickly  and  properly  to  undesirable  events 
such  as  LN2  "puddling"  in  the  tunnel  circuit.  Periodic  meetings  devoted  to  safety  and 
briefings  by  visiting  specialists  as  well  as  self-graded  achievement  tests  have  proven 
to  be  very  helpful  in  training  the  operating  personnel  at  the  0.3-m  TCT. 

In  the  safety  program  for  the  0.3-m  TCT,  advantage  is  always  taken  of  available 
resource  material  and  information  related  to  safety  and  cryogenic  systems.  References 
16  and  17  are  examples  of  sources  of  r jfety  related  information  that  are  required 
reading  for  all  tunnel  operating  personnel. 

Training  represents  a  key  element  in  the  safe  operation  of  these  relatively  new  and 
rather  complex  cryogenic  wind  tunnel  facilities.  As  such,  the  training  program  should 
be  periodically  reviewed  and  updated  as  required  to  meet  changing  needs. 


4 .  TEST  RESULTS 

As  previously  mentioned,  a  great  variety  of  research  has  been  conducted  in  the 
0.3-m  TCT  during  the  past  11  years.  Included  in  this  research  have  been  tests  of 
conventional,  peaky,  and  si  ^rcritical  airfoils,  side-wall  boundary  layer  removal 
effects,  non-adiabatic  wall  effects,  and  laser  diagnostics.  The  results  of  many  of  thes 
tests  have  been  reported  and  are  cited  in  the  latest  bibliography  on  cryogenic  tunnels. 
Other  research  has  been  conducted  but  not  yet  reported.  In  this  category  are  studies  of 
the  flow  field  about  a  cylinder,  flutter  tests,  tests  of  an  oscillating  airfoil,  and 
test-s  to  develop  transition  detection  methods.  These  topics  are  too  numerous  to  be 
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discussed  here  in  any  detail.  Therefore,  a  few  studies  believed  to  be  of  more  general 
interest  have  been  selected  to  be  discussed  at  some  length. 

4.1  Balance  Studies 

A  test  of  an  unheated  European  Cryogenic  Strain  Gage  Balance  was  made  in  the 
0.3-m  TCT  under  a  collaborative  agreement  on  cryogenic  transonic  wind  tunnel  testing 
between  NASA  and  the  European  Transonic  Windtunnel  (ETW)  Countries  under  the  auspices  of 
the  AGARU  Fluid  Dynamics  Panel.  The  objectives  of  this  test  were: 

(1)  To  obtain  .steady-state  force  and  moment  data  at  temperatures  of  110  K  and  200  K 
to  compare  with  data  taken  at  300  K  (ambient)  in  order  to  determine  the 
performance  and  accuracy  of  the  European  strain  gage  balance. 

(2)  To  measure  the  temperature  response  of  the  model,  balance,  and  sting  during 
normal  and  rapid  changes  in  tunnel  stream  temperature. 

The  European  balance  has  the  designation  NLR  771  and  was  designed  and  constructed 
specifically  for  testing  at  cryogenic  temperatures  by  the  staff  of  the  National 
Aerospace  Laboratory  (NLR)  in  the  Netherlands  at  the  request  of  the  Technical  Group  ETW. 

The  balance  is  21.21  cm  long  and  2.54  cm  in  diameter.  it  is  made  from  one  piece  of 
Vakumelt  I'ltrafort  301  maraging  steel.  it  is  a  three-component  balance  with  design  loads 
as  follows: 

Normal  force  =  890  N 
Axial  force  =  112  N 
Pitching  moment  *  28  N»m 

As  can  be  seen  in  the  sketch  of  Figure  3, 
the  balance  has  a  forward  and  an  aft  bending- 
moment  bridge.  Outputs  of  the  two  bending- 
moment  bridges  are  added  and  subtracted  to 
produce  voltages  which  are  proportional  to 
normal  force  and  pitching  moment.  These 
bridges  incorporate  additional  strain  gages 
mounted  in  a  direction  perpendicular  to  that 
of  the  actual  strain  sensing  gages  to  minimize 
temperature  effects.  The  axial-force  bridge 

does  not  incorporate  these  additional  Fig.  3  Sketch  of  NLR  771.  "TH"  indicates 

transverse  gages.  thermocouple  locations. 

A  tubular  shield  cantilevered  forward  over  the  gage  section  of  a  Langley  balance 
had  been  found  to  improve  the  stability  of  the  balance  outputs  at  cryogenic  temperatures 
in  previous  aerodynamic  tests  in  the  0.3-m  TCT.  Such  a  shield  tends  to  greatly  reduce 
convective  heat  transfer  and  is  therefore  commonly  referred  to  as  a  "convection  shield." 
The  NLR  771  balance  was  tested  with  and  without  a  convection  shield. 

The  delta-wing  model  of  75  degrees  sweep,  the  sting,  and  the  sting  support  hardware 
used  in  this  tost  were  the  same  as  previously  used  to  test  Langley  cryogenic  strain  gage 
balances  as  reported  in  Reference  19. 

For  this  test,  data  were  obtained  through  the  regular  data  acquisition  computer  at 
the  0.3-m  TCT  for  off-line  computation  at  the  central  computer  facility  using  both  the 
NLR  method  of  data  reduction  for  force  balances  and  the  standard  Langley  method.  The 
balance  was  recalibrated  at  Langley  to  obtain  the  coefficients  necessary  for  the 
Langley  data  reduction  method.  In  addition,  a  digital  desktop  computer  system  was  used 
for  on-line  data  acquisition  and  reduction. 

Two  types  of  tuns  were  made  in  the  0.3-m  TCT.  Steady-state  runs  were  made  at 
constant  temperature  conditions  during  which  force  and  moment  data  were  acquired  over  a 
range  of  angle  of  attack.  Figure  4  shows  a  comparison  of  data  taken  at  300  K,  200  K, 
and  110  K.  The  total  pressure  was  varied  to  keep  the  Reynolds  number  constant.  Good 
agreement  is  apparent  for  the  normal  force  and  the  pitching  moment  data.  The  axial 
component  is  only  lightly  loaded  with  this  model  and  the  difference  evident  in  the  axial 
data  is  a  result  of  balance  sensitivity  for  a  low-load  condition  with  the  usual  one-half 
percent  accuracy  for  a  strain  gage  balance.  Both  the  normal  and  the  pitch  components 
are  loaded  to  a  higher  percentage  of  balance  capacity  than  is  the  axial  component. 

The  other  type  of  runu  were  those  in  which  the  stream  temperature  was  varied  while 
the  anjle  of  attack,  Mach  number,  and  total  pressure  were  held  constant.  Two  different 
rates  of  varying  the  temperature  were  used  to  simulate  requirements  for  use  of  a  strain 
gage  balance  in  a  large  cryogenic  tunnel  such  as  the  NTF  or  the  proposed  ETW. 

The  first  of  these  involved  varying  the  stream  temperature  at  a  maximum  rate  of  10 
kelvins  per  minute  in  order  to  stay  within  the  operating  requirements  for  the  structure 
of  the  0*3-m  TCT.  This  is  normally  the  maximum  rate  for  changing  temperature  both  for 
cooling  down  and  for  warming  up  the  0.3-m  TCT. 

The  second  type  of  transient  temperature  testing  involved  varying  the  temperature 
as  rapidly  as  possible,  but  only  over  a  maximum  range  of  50  kelvins,  cqain  limited  in  the 


I  v4 


1 


0 . 3-m  TCT  by  thermal  and  structural  constraints.  Very  rapid  temperature  changes  such  as 
this  have  been  suggested  for  use  in  the  NTF  or  the  ETW  as  one  way  to  conserve  nitrogen 
during  a  change  in  test  conditions. 
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Fig.  4  Steady  state  data.  Fig.  5  Transient  temperature  data. 

Fiqure  5  shows  the  result  of  a  rapid  change  in  stream  temperature  from  150  K  to 
110  K  which  took  about  50  seconds.  As  can  be  seen,  the  model  temperature  follows  the 
stream  temperature  reasonably  closely,  reaching  a  nominal  110  K  in  about  180  seconds. 
However,  the  balance  temperatures  take  about  20  minutes  to  approach  the  stream 
temperature.  The  middle  of  the  balance,  where  the  axial  section  is  located,  is  somewhat 
slower  than  either  the  front  or  the  rear  of  the  balance. 

All  of  this  strain  gage  balance  data,  which  involved  about  14,000  data  points 
because  of  the  long  temperature  response  runs,  was  transmitted  to  the  Technical  Group 
ETW  in  October  of  1984,  and  a  detailed  analysis  of  the  data  is  under  way. 

4.2  Buffet  Studies 

Buffet  tests  were  made  on  two  semispan-wing  models  in  the  0.3-m  TCT  over  a  range  of 
stagnation  temperatures  and  pressures.20  This  study  was  designed  to  determine  if  an 
existing  buffet  testing  technique,  the  measurement  of  the  unsteady  wing-root  bending 
moment,  could  be  used  successfully  at  cryogenic  temperatures.  Buffeting  can  be  defined 
as  the  structural  response  of  an  aircraft  or  test  model  to  the  aerodynamic  excitation 
produced  by  separated  flows.  Because  buffeting  is  a  separated  flow  phenomenon,  it  is, 
of  course,  dependent  on  Reynolds  number.  Cryogenic  wind  tunnels,  which  have  the 
capability  to  vary  Reynolds  number  over  a  wide  range,  present  a  unique  opportunity  for 
research  in  the  area  of  buffet  testing.  The  buffet  tests  described  herein  were  based 
primarily  on  suggestions  made  by  Mabey  of  the  Royal  Aircraft  Establishment  at  Bedford, 
England .  1 

The  evaluation  of  the  buffet  testing  technique  was  done  by  obtaining  comparable 
dynamic  wing-root  bending  moment  data  at  both  ambient  and  cryogenic  temperatures  to 
validate  the  suitability  of  both  the  technique  and  the  instrumentation.  The  secondary 
objectives  were  to  utilize  the  unique  capabilities  of  the  cryogenic  pressure  tunnel  to 
study  the  Reynolds  number  effect  on  buffeting  at  constant  dynamic  pressure  and  to  study 
the  effect  of  model  aeroelastic  distortion  on  buffeting  at  constant  Reynolds  number. 

Two  buffet  semispan-wing  models  similar  to  those  suggested  by  Mabey  were 
constructed  of  aluminum  alloy  and  instrumented  for  these  tests.  One  model  was  a 
slender,  sharp-leading-edge  delta  wing  with  65  degrees  sweep  known  to  be  relatively 
insensitive  to  variations  in  Reynolds  number.  This  configuration  was  chosen  to  provide 
a  base-line  model  to  demonstrate  the  test  technique  over  the  temperature  range  in  the 
cryogenic  wind  tunnel.  The  other  model  was  an  unswept  wing  of  aspect  ratio  1.5  with  a 
British  NPL  9510  airfoil  section  which  was  expected  to  be  very  sensitive  to  variations 
in  Reynolds  number.  The  semispan-wing  models  were  cantilevered  from  a  turntable  located 
in  the  side  wall  of  the  two-dimensional  test  section  of  the  0.3-m  TCT.  Tests  were  made 
at  subsonic  Mach  numbers  over  a  range  of  stagnation  pressure  from  1.2  bars  to  about  5.9 
bars  and  of  stagnation  temperature  from  300  K  to  100  K.  The  angle  of  attack  was  varied 
from  -4°  to  +32^  for  the  delta-wing  model  and  from  -2°  to  +18°  for  the  NPL  9510  wing. 
Measurements  were  made  of  both  the  dynamic  and  the  steady  wing-root  bending  moments. 

The  results  from  the  buffet  tests  of  the  delta  wing  model  are  shown  in  Figure  6. 
Data  were  obtained  at  the  same  free-stream  velocity,  V,  which  gave  almost  the  equivalent 
reduced-frequency  parameter,  k,  and  the  same  dynamic  pressure,  q,  by  adjusting  the  Mach 
number,  M,  and  the  stagnation  pressure,  pt.  Any  Mach  number  effect  should  be  small  at 
these  low  Mach  numbers.  Good  agreement  for  the  dynamic  root  bending  moment,  Cg  D,  was 
obtained  over  the  entire  range  of  angle  of  attack  using  this  procedure.  This  g<Sod 
agreement  is  considered  to  demonstrate  that  the  the  root  bending-moment  strain-gage 
technique  operates  satisfactorily  at  cryogenic  temperatures.  It  should  be  pointed  out 
that  the  variation  in  the  reduced-frequency  parameter,  k,  from  5.71  to  6.01  radians  for 
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the  ambient  and  the  cryogenic  data,  respectively,  is  a  result  of  the  frequency  of  the 
first  natural  bending  mode  increasing  witn  a  decrease  in  temperature  because  ot  an 
increase  in  the  modulus  of  elasticity  ot  the  aluminum  alloy. 
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Fig.  6  Comparison  of  ambient  and  cryogenic 
buffet  data  for  delta  wing  model. 


Fig.  7  Effect  of  reduced  frequency 
on  buffet  response. 


The  unique  capability  of  the  cryogenic  tunnel,  in  which  control  of  the  speed  of 
sound  can  be  utilized  to  provide  a  range  of  reduced  frequencies  while  maintaining 
constant  Mach  and  Reynolds  numbers,  is  illustrated  by  the  results  presented  in  Figure  7. 
Data  are  shown  for  a  Mach  number  of  0.35  and  a  constant  Reynolds  number  for  two  values  of 
the  reduced-frequency  parameter  obtained  by  temperature  variation.  Also  indicated  is 
the  angle  of  attack  at  which,  from  the  study  of  Reference  22,  vortex  breakdown  has 
reached  the  trailing  edge.  The  buffet  measurements  indicate  that  the  onset  of  buffet 
coincides  with  vortex  breakdown  at  the  trailing  edge  and  that  the  intensity,  which 
increases  as  the  vortex  breakdown  moves  toward  the  wing  apex,  is  highly  dependent  upon 
the  reduced  frequency.  At  a  given  angle  of  attack  beyond  buffet  onset,  the  buffet 
intensity  is  seen  to  increase  greatly  as  the  reduced-f requeDcy  parameter  is  increased 
from  3.49  to  6.01  radians.  It  has  been  suggested  by  Mabey,  3  based  on  the  frequency 
spectrum  of  pressure  measurements  on  a  different  slender-wing  planform,  that  the  large 
difference  in  the  dynamic  root  bending  moment  after  buffet  onset  is  a  result  of  the 
magnitude  of  the  excitation  spectrum  increasing  with  the  increase  in  reduced-f requency 
parameter  associated  with  the  difference  in  ambient  and  cryogenic  temperatures.  The 
leading-edge  vortex  type  of  flow  on  the  two  types  of  slender  wings  should  be  similar  even 
though  the  detailed  geometry  of  the  planforms  is  different. 


Further  cryogenic  wind  tunnel  buffet  tests  of  the  delta  wing  planform  are 
contemplated .  Mabey  has  suggested,  as  part  of  a  NASA/RAE  collaborative  effort,  that 
carbon-fiber  reinforced  epoxy  would  be  an  interesting  material  for  cryogenic  buffet  test 
models.  The  ratio  of  the  modulus  of  elasticity  to  the  density  of  carbon-fiber  reinforced 
epoxy  is  about  four  times  larger  than  the  similar  ratio  for  aluminum  and  other  typical 
metals.  Thus,  from  beam  theory,  a  model  made  out  of  carbon-fiber  reinforced  epoxy  with 
the  same  thickness  as  an  aluminum  model  would  have  a  first  natural  bending  frequency 
twice  that  of  the  aluminum  model.  This  higher  natural  frequency  will  provide  the 
opportunity  to  explore  further  the  previously  discussed  effect  of  reduced-frequency 
parameter  on  the  dynamic  bending  moment  of  the  65  degree  sweep  delta  wing. 


Two  delta  wing  models  made  out  of  carbon-fiber  reinforced  epoxy  are  under 
construction.  One  is  the  same  thickness  (5  mm)  as  the  original  delta  wing  model  and  the 
other  is  half  the  thickness.  The  latter  model  will  be  used  to  provide  baseline  data  to 
verify  the  carbon-fiber  model  data  against  the  data  from  the  aluminum  model  and  the 
thicker  model  will  provide  data  at  about  twice  the  reduced-f requency  parameter  of  the 
aluminum  model.  These  tests  are  planned  for  late  1985  and  will  be  run  in  the  new 
adaptive  wall  test  section  in  the  0.3-m  TCT. 


4.3  Condensation  Studies 


As  part  of  the  overall  program  to  develop  transonic  cryogenic  wind  tunnels, 
researchers  at  NASA  Langley  have  been  investigating  the  effects  of  onset  of  condensation 
in  nitrogen  gas.  It  is  important  to  know  at  what  temperature  condensation  effects 

occur  since  the  onset  of  condensation  effects  determines  the  minimum  operating 
temperature  { MOT )  of  cryogenic  tunnels  and,  consequent ly ,  determines  the  maximum  benefit 
to  be  gained  by  operating  at  cryogenic  temperatures. 

For  example,  if  it  is  possible  to  operate  without  condensation  effects  at 
temperatures  :>eiow  th^se  corresponding  to  saturation  at  the  maximum  local  Mach  number 
over  the  model,  increases  in  Reynolds  number  from  10  to  10  percent  are  possible  over 
what  would  be  obtained  at  temperatures  which  avoid  any  saturation  over  the  models.  An 
example  of  the  potential  benefits  of  operating  beyond  the  local  saturation  boundary  is 
shown  in  Figure  8  where  the  saturation  boundaries  of  interest  are  shown  on  the 


well  known  curve  ot  the  variation  of  Reynolds  number  with  temperature.  As  can  be  seen, 
for  a  given  size  tunnel  anti  a  constant  operating  pressure,  a  significant  increase  in 
Reynolds  number  is  possible  if  the  saturation  boundary  may  be  crossed  in  these  localized, 
high  Mach  number  regions. 
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Fig.  8  Effect  of  reducing  temperature 
on  Reynolds  number. 


Fig. 


9  Change  in  LN2  consumption  per 
1  kelvin  decrease  in  T..  . 


In  addition  to  increasing  the  maximum  Reynolds  number  capability,  MOTs  below  local 
saturation  are  important  when  determining  the  most  cost-effective  way  to  operate  a 
cryogenic  tunnel  for  a  given  value  of  Reynolds  number.  Since  most  cryogenic  tunnels 
take  advantage  of  both  increasing  tunnel  pressure  and  decreasing  tunnel  temperature  to 
increase  Reynolds  number  capability,  a  lower  tunnel  temperature  means  less  pressure  is 
needed  to  achieve  a  given  value  of  Reynolds  number.  As  explained  'asi  more  detail  in 
Reference  27,  direct  on-point  operating  expenses  can  be  minimized  by' .operating  at  MOT. 

The  reason  for  this  decrease  in  operating  cost  with  decrease  in  temperature  is  shown  in 
Figure  9.  As  can  be  seen,  for  a  given  value  of  Reynolds  number,  the  LN2  consumption 
decreases  about  2  percent  per  kelvin  at  the  lower  temperatures. 

In  Reference  29,  Hall  does  an  excellent  job  of  summarizing  the  results  from  a 
series  of  experimental  measurements  of  the  onset  of  condensation  for  six  different 
studies  involving  pressure-instrumented  airfoils  in  the  Langley  0.3-m  TCT.  The  airfoils 
used  in  Hall's  analysis  include  conventional  (0.137-m  NACA  0012-64,  0.152-m  NACA  0012), 
peaky  (0.152-m  NPL  9510),  and  supercritical  (0.152-m  NASA  0712-3,  and  0.152-m  and 
0.076-m  versions  of  the  CAST  10-2/DOA  2).  The  results  from  these  experiments  and  a 
previous  analysis  by  Sivier  are  then  used  to  formulate  a  procedure  for  predicting  minimum 
operating  temperatures  in  the  0.3-m  TCT. 


In  Figure  10,  predictions  from  this 
procedure  are  used  to  illustrate  typical 
increases  in  Reynolds  number  capability 
due  to  operating  at  the  MOT  as  a 
function  of  total  pressure.  As  can  be 
seen,  for  values  of  free-stream  Mach 
number  greater  than  0.45,  increases  in 
Reynolds  number  above  that  associated 
with  operating  at  local  saturation 
temperatures  vary  from  about  7  to  22 
percent,  depending  on  pressure  and  both 
free-stream  and  local  Mach  number. 

The  unusual  shape  of  curve  (a)  in 
Figure  10  is  probably  due  to  the  fact 
that  at  the  low  fan  power  levels 
required  for  the  lower  values  of  Mach 
number,  the  liquid  nitrogen  injection 
system  at  the  0.3-m  TCT  in  use  at  the 
time  of  these  tests  did  not  do  a  good 
job  of  atomizing  the  small  amount  of 
injected  liquid  into  droplets  and  the  relative 
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Fig.  10  Increase  in  Reynolds  number  due 
to  operation  at  MOTs. 

ly  large  droplets  triggered  effects  in  the 


pressure  data  similar  to  those  that  would  be  seen  from  actual  condensation  in  the 


stream.  It  should  be  noted  that  since  these  data  were  taken,  the  LN2  injection  system 
for  the  0.3-m  TCT  has  been  modified  to  permit  complete  closure  of  up  to  3  of  the  4 
injection  valves  in  order  to  ensure  more  efficient  atomization  of  the  LN2  at  the  low  flow 
rates  required  at  the  lower  Mach  numbers. 


ADAPTIVE  WALI.  TEST  SECTION 


5. 


5.1  Principal  of  Operation 

I  nt.ft  i  ere  net*  from  the  walls  of  the  test  section  has  historically  Leer:  one  or  u.»* 

;ju  ].ir  problems  Hi  wind  tunnel  testing,  especially  at  transonic  speeds  where  testing  wits, 
solid  wail  .  may  Lead  to  the  flow  choking.  The  usual  solution  to  the  problem  of  cnokmg 
is  to  use  ventilated  or  porous  walLs  in  the  test  section.  However,  even  ventilated 
walls  can  cause  unwanted  interference  effects.  because  of  the  complex  notjre  of  tne 
i low  associated  with  ventilated  walls,  corrections  for  wall  interference  effects  are 
often  ditticult  or  impossible  to  calculate  and  apply. 

I:  soli!  test  section  wails  can  be  contoured  to  prevent  choking,  in  theory  they  cun 
also  be  contoured  along  streamlines  or  streanisur faces  to  reduce  or  eliminate  wall 
interference.  In  addition,  compared  to  ventilated  wails,  solid  walls  should  offer 
significant  advantages  by  reducing  the  tunnel  losses,  thereby  reducing  the  power  required 
to  drive  the  tunnel  and  reducing  the  noise  level  in  the  test  section.  Contouring  the 
solid  walls  of  the  test  section  along  free-air  streamlines  is  the  basis  of  the  adaptive 
wall  test  section  concept  being  pursued  at  the  NASA  Langley  Research  Center  and  at  otlvo 
research  establishments  including  the  University  of  Southampton,  the  Technical  niversiry 
of  Berlin,  and,  as  you  have  heart!  earlier  in  this  Special  Course,  at  ONF.RA-Ct'RT  in 
Toulouse . 

The  following  section  of  this  paper  will  describe  the  NASA  Langley  O.j-m  TCT 
adaptive  wall  test  section  and  the  type  of  tests  planned  for  the  new  test  section. 

5.2  Description  of  Adaptive  Wall  Test  Section 

5.2.1  Basic  Design 

The  design  of  the  adaptive  wall  test  section  for  the  0.3-m  TCT  is  based  on  the  work 
done  at  the  University  of  Southampton  by  Goodyer  and  his  co-workers.  This  test  section 
is  basically  configured  for  two  dimensional  testing. 

The  test  section  is  33  by  33  cm  in  cross  section  at  the  entrance  and  is  L 4 2  cm 
Long.  All  four  walls  are  solid  with  the  top  and  bottom  walls  being  flexibLe  and 
movable.  The  flexible  walls  are  182  cm  long  and  are  fixed  at  the  upstream  end  of  the 
test  section.  The  downstream  40  cm  portion  of  the  flexible  walls  provides  a  smooth 
transition  between  the  end  of  the  test  section  and  the  beginning  of  the  fixed  diffuser* 
The  downstream  ends  are  fixed  vertically  but  are  free  to  translate  longitudinally  as 
the  wall  shape  changes. 

The  features  of  this  test  section  are  very  similar  to  those  of  the  two-dimensional 
test  section  briefly  described  in  a  previous  section  of  this  paper  and  reported  in 
Reference  31.  The  model  is  supported  between  two  turntables  centered  78  cm  downstream 
from  the  entrance  of  the  test  section.  Models  with  chords  up  to  33  cm  can  be  tested  over 
an  ang Le-of -at tack  range  of  ±20  degrees.  Windows  in  the  top  portion  of  the  turntable 
allow  Limited  viewing  of  the  region  above  the  model. 

A  vertical  traversing  mechanism  can  be  installed  at  either  32  cm,  44  cm,  or  57  cm 
downstream  of  the  center  of  the  turntable.  The  maximum  travel  of  the  traversing 
mechanism  is  25  cm.  Porous  plates  for  an  optional  sidewall  boundary  layer  removal 
system  are  centered  36  cm  upstream  of  the  center  of  the  turntable.  These  plates  are 
18  cm  wide  and  18  cm  tali  and  have  a  porosity  of  10  percent. 

5.2.2  Wall  Positioning  System 

There  are  21  positioning  jacks  on  each  of  the  flexible  walls.  The  jacks  are  .spaced 
so  as  to  provide  the  finest  wall  shape  control  in  the  vicinity  of  the  model.  A  stepper 
motor  drives  a  10:1  reduction  gearbox  to  turn  each  jackscrew  which  can  be  extended  7.5  cm 
in  the  direction  of  positive  lift  and  2.5  cm  in  the  opposite  direction.  Each  jackscrew 
drives  a  block  with  two  drive  rods.  The  drive  rods  extend  through  seals  in  the  tunnel 
pressure  shell  and  are  connected  to  a  flexible  plate  which  in  turn  is  fixed  to  the 
flexible  wall.  This  arrangement  keeps  the  motor  and  gearbox  accessible  and  out  of  the 
cryogenic  environment.  This  type  of  attachment  accommodates  both  linear  and  angular 
misalignment  between  the  drive  rods  and  the  wa L l  attachment  fitting  which  is  produced 
when  the  wall  is  deformed  from  a  straight  line  shape. 

5 . 3  Instrumentation 

The  wa i L  position  is  measured  by  a  linear  variable  displacement  transducer  (LVDT) 
Located  outside  the  pressure  shell.  The  transducer  measures  the  position  of  the 
drive  block  which  can  be  directly  related  to  the  wall  position.  The  transducer  output 
is  an  analog  signal  which  is  linear  over  most  of  the  displacement  range. 

Pressure  taps  are  located  along  the  centerLine  of  the  flexible  walls  at  each  jack 
station.  In  addition,  there  are  pressure  taps  on  the  top  and  bottom  walls  at  the 
entrance  of  the  test  section,  on  the  lower  surface  of  the  contraction  section,  and  on  the 
upper  surface  of  the  diffuser.  The  pressures  on  each  wall  are  multiplexed  to  an  auto¬ 
ranging,  capaci t ive-type  pressure  transducer  having  an  accuracy  of  ±0.25  percent  of  read¬ 
ing.  The  autoranging  capability  is  needed  to  obtain  accurate  data  over  the  wide  range  of 
operating  pressure  without  having  to  change  range  on  the  analog  data  acquisition  system. 
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Details  of  how  the  various  calculations  are  made  and  how  the  walls  are  positioned 
to  conform  to  free-air  streamlines  are  beyond  the  scope  of  this  paper.  Such  details  may 
be  found  in  Reference  32. 

5.4  Adaptive  Wall  Tests 

The  first  "test"  in  the  adaptive  wall  test  section  will  be  a  tunnel  calibration. 

The  Mach  number  distribution  along  the  centerline  of  each  of  the  four  walls  of  the  test 
section  will  be  measured  along  with  the  distribution  on  one  of  the  turntables.  The 
turbulence  in  the  test  section  will  be  surveyed  with  hot  film  probes.  The  tunnel 
performance  (power  required  for  a  given  set  of  test  conditions)  will  also  be  determined. 
During  this  first  test,  the  wall  shape  required  to  maintain  a  constant  Mach  number 
through  the  test  section  will  be  determined  with  the  adaptation  software.  These  wall 
shapes  are  considered  to  be  the  displacements  equivalent  to  an  aerodynamical ly  straight 
wall  as  opposed  to  a  geometrically  straight  wall. 

Upon  completion  of  the  initial  check  out  of  the  adaptive  wall  test  section,  two 
airfoil  tests  are  scheduled  to  determine  the  operational  capabilities  of  the  adaptation 
software  and  to  investigate  two-dimensional  wind  tunnel  wall  interference  at  high 
Reynolds  numbers.  Two  NACA  0012  airfoil  models,  one  with  a  16.5  cm  chord  and  the  other 
with  a  33  cm  chord,  will  be  tested  to  assess  the  software  at  values  of  tunnel  height  to 
model  chord  down  to  1.0.  The  results  from  these  tests  can  be  compared  with  results  from 
previous  tests  of  the  NACA  0012  in  the  0.3-m  TCT  and  other  facilities. 

Two  cooperative  programs,  one  a  NASA/ONERA/DFVLR  effort  and  the  other  a  NASA/NAE 
effort,  have  been  established  to  test  CAST  10-2/DOA  2  airfoil  models,  one  with  a  22.9  cm 
chord  and  the  other  with  an  18  cm  chord.  The  data  from  these  tests  will  be  used  to 
assess  the  effects  of  model  manuf actur ing  differences  and  to  compare  the  results  on  the 
same  airfoil  model  in  different  facilities. 

The  22.9  cm  model  will  be  tested  in  the  NAE  High  Reynolds  Number  15  in.  x  60  in. 

Two  Dimensional  Test  Facility.  These  tests  will  be  conducted  at  a  tunnel  height  to 
model  chord  ratio  of  6.66  and  the  results  should  be  free  of  interference  effects  from 
the  top  and  bottom  walls.  These  interference  free  data  will  be  compared  with  the 
results  from  the  0.3-m  TCT.  The  18  cm  model  will  be  tested  at  ONERA  T-2  tunnel  and  the 
0.3-m  TCT.  The  comparison  should  be  very  interesting  since  each  of  the  adaptive  wall 
tunnels  has  different  geometric  characteristics  and  different  adaptation  algorithms. 

As  previously  mentioned,  cryogenic  wind  tunnels ,  which  have  the  capability  to  vary 
Reynolds  number  over  a  wide  range,  present  a  unique  opportunity  for  research  in  the  area 
of  buffet  testing.  The  two  delta-wing  buffet  models  made  out  of  carbon-fiber  reinforced 
epoxy  described  in  section  4.2  are  to  be  tested  in  the  adaptive  wall  test  section.  The 
models  will  be  mounted  on  one  of  the  turntables  to  vary  the  angle  of  attack.  Once  the 
buffet  studies  are  complete,  the  models  will  then  be  used  to  study  the  problems 
associated  with  testing  three  dimensional  models  in  a  wind  tunnel  with  only  the  top  and 
bottom  walls  adaptable. 

A  major  long  term  goal  of  the  adaptive  wall  research  is  to  develop  a  technique  to 
test  three-dimensional  models  at  transonic  speeds  where  most,  if  not  all,  of  the  wall 
interference  effects  are  eliminated  at  the  source  by  the  proper  choice  of  wall  shape. 
Coupled  with  this  is  the  need  to  determine  the  residual  interference  effects  and  to  use 
analytical  methods  to  reduce  them  to  negligible  levels. 


6.  FUTURE  PLANS 

6.1  Tunnel  Modifications 

The  0.3-m  TCT  with  the  new  adaptive  wall  test  section  should  have  better  flow 
quality  than  the  20  x  60  cm  test  section  because  of  an  increase  in  the  contraction  ratio 
from  9.4:1  to  10.7:1,  decreasing  the  angle  of  the  high-speed  diffuser,  and  the 
elimination  of  the  slotted  test  section  walls.  Other  modifications  to  the  tunnel  are 
planned  to  further  improve  the  flow  quality.  These  planned  modifications  include 
replacing  a  section  of  the  stagnation  region  with  a  rapid  diffuser  and  new  contraction 
section  to  increase  the  contraction  ratio  from  10.7:1  to  about  15:1  and  the  addition  of 
a  variable  second  minimum  downstream  of  the  test  section.  It  is  anticipated  that  a 
sting  type  model  support  system  for  three  dimensional  testing  will  also  be  added.  The 
preliminary  engineering  report  for  the  contraction  section  and  model  support  system  has 
been  completed.  The  final  design  is  expected  later  this  year  with  construction  in  1986. 

6.2  LN2  Supply  System 

Several  modifications  to  the  LN2  supply  system  are  planned  that  are  intended  to 
make  it  safer  and  more  efficient.  Presently,  ln2  is  delivered  to  the  0.3-m  TCT  site  in 
large  tank  trucks  which  must  back  down  a  relatively  narrow  roadway  in  order  to  make 
connection  to  the  off-loading  station.  in  order  to  completely  eliminate  the  off-loading 
operation,  with  its  inherent  danger  and  potential  for  contamination  of  the  LN5 ,  a  new 
supply  line  for  the  LN2  storage  tanks  used  for  the  0.3-m  TCT  will  be  connected  directly 
to  the  existing  NTF  supply  line  running  from  the  local  LN2  plant  to  the  on-site  NTF 
storage  tank. 
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Plans  are  also  being  made  to  completely  redesign  the  LN2  plumbing  at  the  0.3-m  TCT 
to  incorporate  vacuum  insulated  lines  and  remotely  operated  control  valves.  An 
automatic  sequencer/control ler  will  be  used  in  conjunction  with  the  new  plumbing  for 
start-up,  operation,  and  shutdown  of  the  LN2  system.  The  new  LN2  supply  system  will 
offer  distinct  advantages  over  the  existing  system  with  respect  to  both  safety  and 
efficiency.  For  example,  the  automatic  remote  operation  of  the  LNp  system  will 
eliminate  manual  operation  of  the  system  which  presently  requires  two  technicians  to  be 
outside  the  tunnel  building  regardless  of  the  weather.  As  with  some  existing  systems, 
color  television  will  be  used  to  provide  a  general  view  of  the  LN^  storage  and  pump 
area,  providing  additional  information  bi  /ond  that  normally  provided  by  temperature  and 
pressure  sensors.  Such  visual  contact  has  proven  to  be  very  valuable,  especially  in 
areas  where  the  venting  of  LN2  or  GN2  can  cause  fogging. 


7.  CONCLUDING  REMARKS 

The  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (0.3-m  TCT)  can  operate  from  ambient  to 
ciyoqenic  temperatures  at  absolute  pressures  from  about  1  to  6  bars.  Since  the  0.3-m  TCT 
began  ^oeration  in  1973,  it  has  been  used  extensively  in  the  development  of 
ins trumeutat ion  and  operating  techniques  for  cryogenic  tunnels  as  well  as  for  aerodynamic 
tests  where  advantage  can  be  taken  of  the  extremely  wide  range  of  Reynolds  number 
available. 

This  paper  has  described  the  present  capabilities  of  the  0.3-m  TCT  and  given  an 
overview  of  recent  research  activities  which  include  both  steady  and  unsteady  testing. 
Emphasis  in  this  paper  has  been  given  to  safety  and  to  the  development  of  testing 
techniques  for  cryogenic  tunnels.  Results  of  studies  aimed  at  establishing  the  lower 
limits  of  operating  temperature  have  been  presented  and  the  impact  of  these  studies  on 
tunnel  operation  have  been  discussed.  Finally,  some  of  the  design  features  and  operating 
characteris tics  of  a  new  sel f-s treaml ining  wall  test  section  recently  installed  in  the 
tunnel  circuit  were  described. 

Based  on  over  5000  hours  of  operation  of  the  0.3-m  TCT,  it  is  concluded  that 
practically  any  type  of  research  that  can  be  done  in  an  ambient  temperature  tunnel  can 
also  be  done  safely  in  a  cryogenic  wind  tunnel.  The  outstanding  difference  is  that  the 
cryogenic  tunnel  offers  the  researcher  values  of  test  Reynolds  number  at  or  near  full 
scale  values  while  opening  up  several  new  research  possibilities  due  to  the  independent 
control  of  pressure,  temperature,  and  Mach  number. 
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Summary 

The  construction  of  the  National  Transonic  Facility  was  completed  in  September 
1982,  and  checkout  operations  started  the  following  month,  with  the  maximum 
Reynolds  number  being  obtained  in  May  1983.  Following,  most  of  the  effort  was 
devoted  to  installing  the  model  access  housings,  and  adjusting  or  altering  various 
tunnel  hardware  systems.  In  May  1984,  preliminary  aerodynamic  calibration  of  the 
tunnel  was  initiated  in  parallel  with  checkout  of  the  tunnel  operating  systems,  and 
in  August  1984,  the  tunnel  was  declared  operational  and  turned  over  to  the  user 
organization  for  a  complete  aerodynamic  calibration  and  research  and  development 
testing.  The  facility  has  been  operated  in  both  the  air  and  nitrogen  modes 
coveting  a  Mach  number  range  of  0.2  to  1.22  at  pressures  up  to  8.5  atm  and  at 
temperatures  down  to  100K.  This  paper  presents  a  status  of  the  tunnel  operating 
systems  and  an  overview  of  the  major  milestones  during  checkout. 


Final  design  and  construction  of  trie  National  Transonic  Facility  (NTF), 
located  at  the  NASA  Langley  Research  Center,  a  cryogenic  wind  tunnel  designed  to 
meet  the  United  states'  need  for  h  -  jh  Reynolds  number  testing,  was  formally 
initiated  in  July  1975.  Nine  years  later,  in  August  1984,  the  operational 
readiness  review  was  completed,  and  the  facility  was  declared  operational  for 
aerodynamic  research  and  development  testing  to  commence. 

The  history  of  the  NTF  and  description  of  the  design  characteristics  are  well 
documented  in  references  1  through  11.  The  preliminary  aerodynamic  performance 
results  are  documented  in  reference  12.  This  paper  presents  a  status  report  on  the 
tunnel  operating  systems  and  an  overview  of  the  time  required  to  pertorm  the  major 
events  of  the  checkout  plan.  A  brief  description  of  the  facility  and  its  unique 
aspects  is  included. 

facility  Description 

An  aerial  view  of  the  NTF  site,  viewed  from  the  back  side,  is  presented  in 
figure  1.  The  large  bulk  storage  nitrogen  tank  on  the  left  and  the  vent  stack  at 
the  right  of  the  tunnel  are  used  to  support  the  cryogenic  mode  of  operation.  The 
cooling  tower  in  the  foreground  is  u6ed  with  a  water-cooled  heat  exchanger  inside 
the  tunnel  to  support  the  air  mode  of  operation.  The  high  bay  building  in  the 
background  houses  model  preparation  bayB  and  shop  area  on  the  first  floor  and  the 
control  room  and  tunnel  test  section  entrance  on  the  second  floor.  The  design 
performance  capability  is  a  Mach  number  range  of  0.2  to  1.2,  pressure  range  of  1  to 
8.8  atm,  and  temperature  range  of  77  to  339K.  This  will  produce  a  mr  .  ■  ->vnold6 
number  of  120  million  at  a  Mach  number  of  1.0  based  on  a  chord  length  '  1  '*■» 
meters. 

The  majority  of  the  nitrogen  is  supplied  to  the  on  site  946  cubic  meter 
storage  tank  by  pipeline  from  a  commercial  air  separation  plant  as  shown  in  figure 
2.  This  system  has  been  operational  since  January  1983  and  supplied  most  of  the 
liquid  nitrogen  for  the  NTF  during  checkout.  The  on  site  storage  tank  can  also  be 
filled  from  mobile  truck  units. 

The  aerodynamic  lines  of  the  tunnel  are  shown  in  figure  3.  The  overall 
dimensions  are  61  meters  between  centerlines  in  the  long  direction  and  14.6  meters 
between  centerlines  in  the  short  direction.  A  15:1  contraction  ratio  is  employed 
ahead  of  a  slotted  teBt  section  (six  slots  each  in  the  floor  and  ceiling  and 
provisions  for  two  slots  in  each  sidewall) .  A  photograph  of  the  test  section 
showing  some  of  the  key  features  is  presented  in  figure  4.  For  cryogenic 
operations,  nitrogen  is  vaporized  into  the  circuit  in  the  short  leg  ahead  of  the 
fan  and  vented  at  the  opposite  end.  A  photograph  showing  LNj  spray  nozzles  on  the 
two  lower  arms  of  a  cruciform  spray  bar  arrangement  is  presented  in  figure  5. 

One  of  the  major  features  of  the  NTF  is  the  internal  thermal  insulation  system 
which  maintains  the  pressure  shell  at  near  ambient  temperature  during  cryogenic 
operation.  This  system,  illustrated  in  figure  6,  consists  of  a  closed-cell  foam 
material  bonded  to  the  inside  of  the  pressure  shell.  The  total  thickness  is 
approximately  18cm.  In  the  low  speed  legs  of  the  tunnel,  an  aluminum  liner  covers 
the  insulation  for  protection  and  provides  the  flow  surface.  A  view  of  the  low 
speed  diffuser  showing  the  liner  panels  installed  is  shown  in  figure  7.  The  panels 
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are  approximately  60  by  90cm  and  are  free  to  expand  or  contract  as  required  by 
thermal  changes.  The  fan  nacelle  tail  cone  is  also  visible  in  this  figure. 
Geometric  details  of  the  fan  region  are  shown  in  figure  8.  The  upstream  fan 
nacelle  is  bent  through  the  turning  vanes  of  corner  2.  The  fan  itself  is  a  single- 
stage  fan  with  25  fixed-pitch  blades  that  are  fabricated  of  f iberglass- reinforced 
plastic.  The  fan  loading  is  changed  by  variable  inlet  guide  vanes,  24  in  number, 
or  by  variable  rotational  speed.  There  are  26  fixed-pitch  outlet  stator  blades 
downstream  of  the  fan. 

Although  the  high  Reynolds  number  operation  utilizes  nitrogen  as  a  test  gas, 
provision  for  operation  in  air  at  ambient  temperatures  has  been  made.  In  the  air 
mode  of  operation,  the  heat  of  compression  from  the  fan  system  is  removed  by  a 
water-cooled  heat  exchanger.  The  heat  exchanger  is  a  finned-tube  design  and  is 
located  at  the  exit  of  the  wide-angle  diffuser  at  the  upstream  end  of  the  settling 
chamber  -  see  figure  3. 

The  control  room  is  large  and  fully  equipped.  Tunnel  control  functions  are 
performed  at  one  end  of  the  room  (figure  9)  with  data  acquisition  and  processing 
performed  at  the  other  end  (figure  10).  The  data  system  is  built  around  four  16 
bit  mini-computers  with  a  total  memory  of  3  megabytes,  individual  hard  disx  drives, 
and  other  associated  peripherals.  The  separate  systems  are  dedicated  to  data 
management,  data  acquisition,  process  control,  and  process  monitoring.  Load 
sharing  capability  is  provided  to  the  point  that  the  tunnel  can  operate  safely  in  a 
reduced  capability  mode,  using  only  two  of  the  four  computers.  On-line  data  for 
test  monitoring  is  available  on  cathode  ray  tube  displays  with  hard  copy 
capability.  Flatbed  plotting  capability  is  also  available  for  on  site  final 
plotting  of  data.  System  software  for  tunnel  operation  and  calibration  has  been 
checked  out.  Applications  software  routines  for  model  data  acquisition  and 
manipulation  have  been  developed  and  those  required  to  support  the  checkout, 
aerodynamic  calibration,  and  initial  test  programs  of  the  facility  have  been 
verified. 

The  first  floor  of  the  NTF  shop  area  is  dedicated  to  model  reparation.  Three 
model  buildup  rooms  are  located  across  the  front  of  the  building  with  a  shop  area 
for  light  mechanical  work  occupying  the  remainder  of  the  space.  Each  model  room  is 
equipped  for  model  buildup  and  checkout.  A  model  support  backstop  capable  of 
pitch,  roll,  and  vertical  motions  is  shown  in  figure  11.  The  sting  connection  on 
this  model  support  backstop  is  identical  to  that  in  the  test  section.  A  junction 
box  with  plug  terminals  to  the  data  acquisition  system  is  located  in  the  rear  of 
each  room.  A  dead  weight  calibration  system  with  a  hydraulic  lifter  is  located  in 
the  basement  beneath  the  model  rooms.  A  portable  cryogenic  chamber,  as  illustrated 
in  figure  12,  is  available.  With  this  system,  models  will  be  assembled  on  the 
sting  as  they  are  to  be  installed  in  the  tunnel,  cryogenically  cycled,  and 
statically  loaded  under  cryogenic  conditions  prior  to  tunnel  entry. 

To  provide  for  a  highly  productive  tunnel  in  a  cost  effective  manner,  access 
to  the  test  section  region  of  the  tunnel,  when  in  the  cryogenic  mode  of  operation, 
was  a  primary  consideration  in  the  design  of  the  NTF.  In  as  much  as  cooldown  and 
warmup  of  the  tunnel  internals  is  time-consuming  (approximately  8  hours  per  cycle) 
and  uses  large  amounts  of  energy  in  the  form  of  nitrogen  and  electrical  power,  two 
methods  of  gaining  access  to  the  test  region  have  been  provided  as  indicated  in  the 
flow  diagram  of  figure  13.  Upon  completing  a  test  run,  the  plenum  isolation  system 
is  activated  (see  figure  14) .  Isolation  valves  upstream  and  downstream  of  the  test 
section  are  used  to  isolate  the  test  section  region  to  permit  access  with  the 
remainder  of  the  circuit  at  elevated  pressure  and  cryogenic  temperature.  To  close 
the  gate  valves,  vent  the  plenum  to  atmospheric  pressure,  and  prepare  the  test 
section  region  for  the  next  event  takes  about  30  minutes.  If  the  model  access  mode 
is  selected,  access  housings  or  tubes  are  inserted  from  either  side  of  the  tunnel 
(see  figure  15).  These  housings  seal  at  the  tunnel  centerline  and  after  suitable 
conditioning  of  the  housing  environment  and  model  surface  have  been  completed,  the 
housing  doors  are  opened  and  work  may  be  performed  on  the  model  under  shirt  sleeve 
conditions,  see  figures  16  and  17.  The  model  access  cycle,  excluding  model  work 
takes  about  2  hours.  If  the  plenum  access  mode  is  selected,  the  plenum  is  purged 
and  warmed  using  dry  air  until  suitable  working  conditions  are  obtained.  This  mode 
is  required  for  model  instal latioi.  and  re-.oval,  or  for  access  to  model  data  systems 
located  outside  of  the  test  section  region. 

Tunnel  Systems  Checkout 

Construction  was  completed  in  September  1982,  and  the  tunnel  was  first 
operated  in  the  air  mode  on  October  1  of  that  year.  Following  a  successful 
checkout  of  all  non-ctyogenic  systems,  liquid  nitrogen  was  introduced  in  the 
tunnel,  and  the  internal  structure  was  cooled  to  120K  on  February  7,  1983.  After 
two  cooldowns  and  structural  inspections,  the  tunnel  was  operated  over  the  Mach 
.  -mber  range  with  the  pressure  gradually  increased  on  succeeding  test  runs.  In  May 
1983  an  operating  condition  of  117  million  Reynolds  number  was  obtained  at  a  Mach 
number  of  1,  a  pressure  of  8.5  atm,  and  temperature  of  119K.  A  summary  of  the 
operational  experience  of  the  tunnel  systems  follows. 
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In  the  air  mode  of  operation,  the  water-cooled  heat  exchanger  was  operated 
slightly  above  its  thermal  design  point.  Approximately  40  megawatts  of  power  was 
removed.  The  temperature  uniformity  of  the  discharge  air  over  the  coil  is 
controlled  by  setting  the  cooling  water  flow  in  each  of  36  heat  exchangers  (two 
countetflow  heat  exchangers  per  tube  bundle).  Balancing  of  the  cooling  water  flow 
was  performed  during  the  preliminary  aerodynamic  calibration  with  the  test  section 
survey  rake  available  to  serve  as  a  guide  for  temperature  uniformity.  Resulting 
performance  results  are  discussed  in  Pert  II  (reference  12). 

The  initial  cooldown  of  the  tunnel  circuit  in  the  nitrogen  mode  was  made  at  a 
slow  rate  and  then  increased  to  the  maximum  rate  of  0.75K  per  minute.  Part  of  a 
typical  temperature  cycle  is  presented  in  figure  18.  It  will  be  noted  that  the 
initial  stream  temperature  at  the  beginning  of  the  figure  was  225K.  At  the 
cooldown  rate  of  0.75K  per  minute,  the  stream  temperature  leads  the  flow  side  of 
the  structure  by  about  25K  with  a  temperature  difference  across  the  structure  of 
about  30K.  The  total  cycle  took  about  eight  hours  with  only  a  few  minutes  being 
consumed  at  the  operating  temperature  of  117K  for  this  case.  The  maximum  cooldown 
and  warmup  rate  established  from  this  test,  based  on  structural  loading  constraints 
due  to  thermal  stresses,  indicated  reasonable  agreement  with  that  predicted  during 
the  design  using  an  analytical  model  of  the  structure. 

The  internal  thermal  insulation  system  was  given  much  attention  during 
shakedown.  During  initial  operation,  some  surface  cracks  occurred  in  the 
insulation.  These  were  believed  to  result  from  stresses  due  to  thermal  gradients. 
The  cracks  were  cleaned  and  filled  with  the  same  adhesive  material  which  was  t  ed 
to  bond  the  insulation  to  the  shell,  and  tunnel  operation  was  continued.  These 
cracks  have  not  reappeared.  When  operating  in  the  cryogenic  mode  and  after  cold 
soaking  overnight,  frost  spots  occurred  on  the  external  surface  of  the  shell  over 
each  attachment  lug  or  link  used  to  secure  the  insulation  system  to  the  shell  (see 
figure  6).  The  lugs  formed  a  small  thermal  leak  path,  as  expected,  and  although 
local  frost  spots  occurred,  the  majority  of  the  shell  surface  was  not  similarly 
affected.  The  overall  insulation  system  design  criteria  was  to  limit  heat  leakage 
to  300  Btu  per  second  (316kW)  over  approximately  3,900  square  meters  of  insulation 
at  the  cold  operating  condition.  Preliminary  data  obtained  during  shakedown 
indicate  that  the  insulation  system  is  satisfying  design  objectives. 

The  electrical  drive  system  for  the  fan  has  been  operated  at  124,000  fan  shaft 
horsepower  (92.5mw)  for  a  short  period  of  time.  There  were  no  unusual  conditions 
observed  or  reasons  to  question  longer  runs.  Also,  the  liquid  nitrogen  system  was 
operated  at  the  condition  to  offset  this  maximum  power  input  to  the  tunnel  stream 
by  the  fan.  The  maximum  nitrogen  flow  rate  was  about  35  kiloliters  per  minute 
(0.58m3/s),  and  all  components  of  the  system  operated  as  expected. 

The  automatic  (closed  loop)  control  of  pressure,  Mach  number  (fan  speed  and/or 
inlet  guide  vane  position),  and  temperature  have  been  operated  in  a  stable 
condition,  and  acceptable  performance  has  been  demonstrated.  The  model  pitch  and 
toll  control  systems  have  been  functionally  checked  and  operated. 

The  test  section  configuration  controls  (test  section  walls,  re-entry  flaps, 
and  model  support  walls)  have  been  operated  over  their  range  and  control  has  been 
demonstrated.  These  controls  are  slow  response  type  compared  to  the  process 
controls. 

Effort  to  date  has  been  devoted  primarily  to  obtaining  closed-loop  control. 
During  tunnel  checkout  and  calibration,  each  control  system  was  operated  by 
manually  inputing  the  setpoint  to  each  system  which  was  operating  in  the  automatic 
mode  to  control  either  t  e  tunnel  process  such  as  Mach  number  or  the  control 
element  such  as  fan  speed  and/or  inlet  guide  vane  position.  Future  effort  will  be 
devoted  to  obtaining  specific  data  to  verify  control  laws  and  to  placing  in 
operation  the  test  direction  program  to  provide  optimal  controls  from  an  energy 
efficient  standpoint. 

The  safe  venting  of  the  gaseous  nitrogen  to  the  atmosphere  was  closely 
monitored  during  all  cryogenic  test  runs.  The  system  utilized  is  illustrated  in 
figure  19.  It  employs  a  fan/ejector  system  which  mixes  ambient  air  with  the 
gaseous  nitrogen  expelled  from  the  tunnel  in  a  vent  stack  37  meters  high.  The 
mixing  ratio  in  the  stack  iB  at  least  one-to-one  under  all  conditions  so  that  the 
oxygen  content  at  the  stack  exit  is  at  least  ten  percent  by  volume.  The 
temperature  is  still  low  at  the  exit  so  that  the  size  of  the  visible  plume  emitted 
is  dependent  on  the  atmospheric  humidity  and  wind  conditions.  A  photograph  of  the 
plume  for  a  typical  condition  encountered  at  a  Mach  number  of  1.0  is  shown  in 
figure  20.  ThiB  one  is  at  an  operating  pressure  of  8.5  atm  and  temperature  of  119K 
with  a  relative  humidity  of  40  percent.  In  this  case,  the  plume  dissipated  very 
quickly.  Comparison  of  this  run  and  several  others  with  the  results  predicted  by 
an  initial  analytical  model  indicates  agreement  within  20  percent  for  the  plume 
trajectory.  Agreement  for  the  horizontal  dispersion  distance  is  within  50 
percent.  The  weather,  tunnel  operating  conditions,  and  plume  characteristics  are 
recorded  during  many  of  the  tunnel  runs  in  the  nitrogen  mode  in  order  to  obtain 
sufficient  data  for  updating  the  analytical  model. 
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Checkout  Schedule 

The  development  of  the  detailed  checkout  plan  for  the  NTF  was  started  in  early 
1981.  Considerable  effort  was  devoted  to  reviewing  the  as- installed  condition  of 
all  subsystems  or  components  with  regards  to  what  tests  had  been  performed  and  what 
was  still  required  to  verify  operating  performance.  The  Langley  Research  Center 
NTF  project  team  performed  as  the  prime  contractor  during  construction  for  the 
various  subsystems  or  components  that  were  procured  and  installed  by  many 
contractors.  The  project  team  combined,  procedurally ,  these  subsystems  and 
components  into  systems  for  checkout  and  startup  of  the  facility.  The  functional 
checkout  of  these  systems  was  the  first  part  of  the  checkout  plan.  This  provided 
for  such  items  as  electrical  continuity  check6,  calibration  of  instruments  and 
safety  devices,  and  hardware  operational  checks.  The  systems  were  then  integrated 
together  for  the  second  and  third  parts  of  the  plan,  that  of  operating  the  tunnel 
in  the  air  and  nitrogen  modes,  respectively.  The  latter  two  parts  covered  the 
facility  operating  envelope  to  verify  that  design  objectives  and  overall  tunnel 
performance  criteria  were  obtained.  Figure  21  shows  the  key  milestones  and  the 
actual  schedule  when  the  major  parts  of  the  checkout  plan  were  accomplished. 

In  January  1982,  an  integrated  systems  review  (ISR)  was  conducted  to  assure 
readiness  to  commence  the  NTF  checkout  following  construction.  Around  June  1982, 
the  facility  construction  external  to  the  tunnel  circuit  was  completed,  thus 
permitting  effective  checkout  of  the  systems  to  start.  On  the  inside  of  the  tunnel 
circuit,  the  installation  of  the  thermal  insulation  system  and  cleanup  was 
completed  in  September  1982.  The  following  month,  the  checkout  of  the  NTF  in  the 
air  mode  of  operation  started  and  was  completed  in  four  months.  In  February  1983, 
the  checkout  in  the  cryogenic  mode  of  operations  started  and  in  four  months  the 
maximum  test  point  was  achieved.  Obtaining  this  maximum  point  in  Hay  1983  with  all 
tunnel  systems  performing  satisfactorily  was  the  most  impressive  milestone 
throughout  the  NTF  checkout.  For  the  first  year  of  checkout,  there  were  no  major 
problems  encountered,  however,  there  were  many  challenges  along  the  way  which 
required  system  or  component  repairs,  alterations,  or  modifications  in  order  to 
obtain  satisfactory  performance. 

In  June  1983,  the  facility  was  shut  down  for  three  months  while  the  model 
access  housings  or  tubes  were  installed  and  fitted  to  the  tunnel  -  see  figure  15. 
During  this  time,  various  tunnel  inspections  and  repairs  were  performed. 

After  returning  to  operation  in  September  1983,  the  primary  effort  was  to 
check  out  the  plenum  isolation  system  -  see  figures  14  and  15.  This  is  a  very 
complex  system  with  many  large  moving  components.  Electrical  actuatocs  are  used  to 
move  these  components,  and  they  are  located  inBide  the  tunnel  and  housed  in  heated 
enclosures.  Many  limit  switches  ate  mounted  at  strategic  points  inside  the  tunnel 
to  define  location  of  moving  components  and  are  exposed  to  the  cold  environment. 
Guide  rails  or  tracks,  exposed  to  cold  environment,  are  used  in  positioning 
components  to  various  locations.  During  the  cryogenic  checkout  test  in  September, 
many  problem  areas  were  identified  involving  these  components,  and  the  tunnel  was 
shut  down  for  approximately  two  months  for  various  alterations  to  the  isolation 
system  components.  Such  items  as  the  heating  system  in  the  thermal  enclosures  for 
the  actuators  were  modified  in  order  to  get  enough  heat  into  the  proper  components 
to  keep  the  lubricating  oil  or  grease  warm  and  permit  the  unit  to  work;  limit 
switch  assemblies  were  redesigned  to  allow  for  greater  thermal  movement  of  the 
components;  the  chain  drive  systems  inside  the  plenum  doors  were  modified  to  allow 
tor  extra  thermal  growth;  modifications  to  the  overall  door  drive  and  locking 
mechanism  had  to  be  made  to  provide  for  more  reliable  operation;  corrections  had  to 
be  made  for  the  guide  rails  or  tracks  which  warped  at  low  temperature  causing 
binding  of  the  moving  components.  The  checkout  testing  resumed  in  November  1983, 
and  the  remaining  tests  were  primarily  associated  with  this  plenum  isolation  and 
model  access  system. 

The  plenum  isolation  and  model  access  system  operated  perfectly  at  ambient 
temperature,  however,  at  cryogenic  temperatures,  the  system  or  a  part  of  it  only 
operated  partially  or  not  at  all.  Not  being  able  to  inspect  and  see  what  was  wrong 
at  cryogenic  temperatures  and  then  losing  the  clue  as  to  what  was  wrong  when  the 
tunnel  warmed  up,  whereby  it  could  be  inspected,  presented  somewhat  of  a  mystical 
challenge.  However,  by  a  review  of  the  operating  sequence  logic,  instrumentation, 
and  from  hardware  post  run  inspection  and  analysis,  the  appropriate  problems  were 
identified  and  corrective  action  taken.  To  verify  that  the  modifications  or  fixes 
had  provided  the  appropriate  corrective  action,  additional  cryogenic  tests  were 
required.  Several  test  cycles  had  to  be  performed,  and  some  problems  were  not 
revealed  until  after  others  had  been  corrected. 

In  December  1983,  the  NTF  dedication  ceremony  was  held  with  the  the  Vice- 
President  of  the  USA  being  the  principal  speaker. 

In  January  1984,  a  decision  was  made  to  shut  down  and  perform  a  design 
modification  for  a  problem  that  had  been  occurring  over  the  previous  months.  The 
problem  was  the  results  of  insufficient  clearance  between  the  fan  drive  shaft  and 
the  tunnel  shell  pressure  seal  -  see  figure  8  for  general  location.  The  tunnel 


shell  movement  radial  to  the  drive  shaft  was  more  than  expected,  and  on  one  test 
run,  the  rotating  shaft  contacted  the  fixed  portion  of  the  shell  seal.  The 
correction,  which  decoupled  the  seal  from  the  tunnel  shell,  was  a  major 
modification.  Portions  of  the  fan  drive  line  components  had  to  be  disassembled, 
which  required  removing  the  large  couplings  and  thrust  bearing.  Designing  the  new 
configuration,  procuring  new  components,  disassembling  drive  line  components,  and 
relocating  and  installing  new  equipment  was  all  performed  in  three  months;  this  was 
accomplished  on  a  two  work  shift  basis  resulting  in  minimum  tunnel  down  time  and 
corrected  the  problem. 

In  May  1984,  the  tunnel  returned  to  se  vice,  and  preliminary  aerodynamic 
calibration  was  started  and  performed  in  parallel  with  the  plenum  isolation/model 
access  checkout.  Parallel  operation  was  performed  to  make  the  most  efficient  and 
effective  use  of  the  facility  since  the  tunnel  circuit  was  operating  in  a 
satisfactory  mam  er. 

In  August  1984,  the  tunnel  was  declared  operational. 

Caac.lu.ding  Remarks 

The  construction  of  the  National  Transonic  Facility  was  completed  in  September 
1982,  and  checkout  operations  started  the  following  month  with  the  maximum  Reynolds 
number  being  obtained  in  May  1983.  Then  effort  was  primarily  devoted  to  installing 
the  model  access  housings  and  adjusting  or  altering  various  tunnel  components.  In 
May  1984,  the  aerodynamic  calibration  started  and  wan  performed  in  parallel  with 
checkout  of  the  tunnel  operating  systems.  In  August  1984,  the  facility  was 
declared  operationally  ready  for  complete  calibration  and  aerodynamic  research  and 
development  testing. 

The  facility  has  been  operated  in  both  air  and  nitrogen  modes  covering  a  Mach 
number  range  of  0.2  to  1.22  at  pressures  up  to  8.5  atm  and  at  temperatures  down  to 
100K. 


This  paper  presents  the  status  of  the  tunnel  operating  systems  resulting  from 
the  checkout  and  gives  an  overview  of  the  major  milestones  during  checkout. 
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Figure  7.-  Low  speed  diffuser,  view 
looking  upstream. 


Figure  10.-  NTF  control  room  showing  data 
acquisition  and  process 
monitoring  equipment. 


Figure  11.-  Model  check-out  equipment 
Installed  In  set-up  rooms. 


Figure  9.-  NTF  control  room  showing  tunnel 
control  consoles. 


Figure  12.-  Sketch  of  model  check-out 
equipment  showing  portable 
cryogenic  chamber. 


Figure  14.-  NTF  plenum/test  section 
Isolation  system. 


Figure  17.-  Closeup  view  showing  model 
and  Interface  seal  Joint 
between  accessing  housings. 


Figure  18.-  Typical  NTF  operating 
temperature  profile. 
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Figure  19.-  Gaseous  nitrogen  vent  system 
for  the  NTF. 


Flqure  20.-  NTF  gaseous  nitrogen  vent 
plume  at  N*  1.0, 

Tt=  U9°K  and  atmospheric 
relative  humidity*  40% 


atm.. 


Figure  21. 
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Summaxy 

The  construction  of  the  National  Transonic  Facility  was  completed  in  September 
1982,  and  checkout  operations  started  the  following  month  with  the  maximum  Reynolds 
number  being  obtained  in  May  1983.  Afterwards,  effort  was  primarily  devoted  to 
installing  the  model  access  housings  and  adjusting  or  altering  various  tunnel 
hardware  systems.  In  May  1984,  the  aerodynamic  calibration  started  and  was 
performed  in  parallel  with  checkout  of  the  tunnel  systems.  In  August  1984,  the 
final  operational  readiness  review  was  conducted  and  the  facility  declared 
operational  for  research  testing. 

The  facility  has  been  operated  in  both  air  and  nitrogen  modes  covering  a  Mach 
number  range  of  0.2  to  1.22  at  pressures  up  to  8.5  atm  and  at  temperatures  down  to 
100K.  A  limited  amount  of  tunnel  circuit  performance  information  has  been  obtained 
and  is  presented  in  this  paper. 

An  aerodynamic  calibration  plan  has  been  outlined,  and  the  first  part  of  the 
steady-state  calibration  has  been  completed,  of  which  some  results  are  presented  in 
this  paper. 

The  first  aerodynamic  vehicle.  Pathfinder  I,  was  installed  in  December  1984 
for  checkout  of  instrumentation  systems,  and  a  status  report  and  some  results  are 
presented. 

Symbols 

CN  normal  force  coefficient 

GN2  gaseous  nitrogen 

H  test  section  width  or  height  (2.5  meters) 

K  Kelvin 

LN2  liquid  nitrogen 

M  Mach  number 

Ml  local  Mach  number 

P  static  pressure 

P  root  mean  square  (rms)  value  of  fluctuating  component  of  static 

pressure 

PREF  stagnation  pressure  in  settling  chamber 

PT  total  pressure 

R  Reynolds  number 

r  radial  distance  from  centerline  of  tunnel 

R^  Reynolds  number  based  on  ^  =  .249m 

t/c  thickness  to  chord  ratio 

Tref  stagnation  temperature  in  settling  chamber 

TT  total  temperature 

Tt  rms  value  of  fluctuating  component  of  total  temperature 

U,  V,  W  streamwise,  lateral  and  vertical  velocities,  respectively 

U,  V,  W  rms  value  of  fluctuating  component  of  U,  V,  W 

J  rms  value  of  fluctuating  component  of  gas  density 


The  National  Transonic  Facility  (NTF)  is  a  cryogenic  wind  tunnel  designed  to 
meet  the  United  States'  needs  tor  high  Reynolds  number  testing.  Final  design  and 
construction  at  the  NTF,  which  is  located  at  the  NASA  Langley  Research  Center,  was 
formally  initiated  in  July  1975.  Nine  years  later,  in  August  1984,  the  operational 
readiness  review  was  completed;  the  facility  was  declared  operational  and  turned 
over  to  the  user  organization  for  aerodynamic  research  and  development  testing  to 
commence. 

The  history  of  the  NTF,  description  of  the  design  characteristics,  and  a 
status  report  on  the  facility  hardware  performance  during  shakedown  operation  are 
well  documented1”1''.  This  paper  presents  the  preliminary  performance  results  from 
the  calibration  of  the  tunnel  circuit,  test  medium  uniformity,  and  the  status  and 
some  data  from  the  first  aerodynamic  model,  the  Pathfinder  I. 

Tunnel  Circuit  Performance  Results 

Performance  information  has  been  obtained  during  shakedown  and  calibration 
including  data  on  the  tunnel  pressure  ratio  and  power  consumption.  Temperature  and 
pressure  data  were  measured  at  several  stations  in  the  tunnel.  In  particular,  as 
shown  in  figure  1,  measurements  were  made  at  the  heat  exchanger  and  the  screens  in 
the  settling  chamber,  in  the  movable  and  fixed  contraction,  test  section,  high 
speed  diffuser,  and  in  the  fan  region.  The  subsequent  discussion  will  concentrate 
primarily  on  the  results  of  the  measurements  in  the  fan  region.  The  types  and 
locations  of  instrumentation  in  the  fan  region  are  shown  in  figure  2. 

The  pressure  data  from  the  total  pressure  rakes  upstream  and  downstream  of  the 
fan  system  shown  in  figure  2  were  used  to  determine  the  tunnel  pressure  ratio.  The 
variation  of  pressure  ratio  with  test  section  Mach  number  is  shown  in  figure  3  for 
the  NTF  without  a  model  installed.  In  air,  the  tunnel  was  operated  at  a 
temperature  of  about  320K  and  at  pressures  up  to  3.7  atm.  In  nitrogen,  the  tunnel 
operation  coveted  a  complete  range  of  temperatures  from  ambient  to  cryogenic,  and 
pressures  up  to  8.5  atm.  The  data  shown  in  figure  3  are  representative  of  what  was 
obtained  at  all  test  conditions. 

Most  of  the  published  descriptions  of  the  NTF  have  included  some  description 
of  the  expected  performance  of  the  wind  tunnel.  The  most  complete  presentation  of 
predicted  NTF  performance  was  given  by  Gloss  and  Nystrom13  who  showed  the  estimated 
pressure  ratio  and  performance  maps  for  the  NTF  at  constant  Mach  numbers  from  0.1 
to  1.2.  The  dashed  lines  on  figure  3  ace  the  estimated  pressure  ratios  taken  from 
reference  13  and  updated  to  include  the  eftects  of  the  heat  exchanger  losses  as 
installed,  based  on  in-tunnel  measurements  of  the  pressure  drop.  The  actual  losses 
due  to  the  heat  exchanger  were  about  twice  as  large  as  were  allowed  tor  in  the 
pressure  ratio  estimates  of  reference  13, 

The  predicted  benefits  on  pressure  ratio  of  operation  at  high  Reynolds  numbers 
in  nitrogen  were  apparently  not  fully  obtained.  This  may  have  resulted  in  part 
because  of  losses  associated  with  the  injection  of  liquid  nitrogen  into  the  flow 
which  were  not  included  in  the  estimated  pressure  ratios.  Another  factor  may  be 
that  the  settings  of  the  test  section  geometry  were  not  necessarily  optimum  during 
the  checkout  phase  when  the  pressure  ratio  measurements  were  made. 

The  rake  shown  in  figure  4  was  installed  in  the  test  section  primarily  to 
assess  flow  uniformity  with  respect  to  total  pressure  and  temperature  and  will  be 
discussed  later  in  that  regard.  Since  it  provided  a  test  section  blockage  ratio  of 
about  0.5  percent,  it  was  also  useful  in  assessing  model  effects  on  tunnel  pressure 
ratio.  The  measured  variation  in  pressure  ratio  with  the  rake  installed  is  shown 
in  figure  5.  Again,  the  dashed  lines  are  estimates  for  the  tunnel  without  a  model 
and,  therefore,  are  the  same  as  shown  on  figure  3.  The  presence  of  the  rake  had 
only  a  small  effect  below  a  Mach  number  of  1.0.  Above  a  Mach  number  of  1.0,  a 
significant  increase  was  noted.  A  model  blockage  of  0.5  percent,  however,  is 
excessively  large  for  Mach  numbers  near  1.0  and  would  be  prohibited  due  to 
excessive  wall  interference  effects  on  the  model  data. 

Figures  6,  7,  and  8  show  performance  maps  for  the  NTF  at  Mach  numbers  of  0.6, 
0.8,  and  1.0  respectively.  These  maps  are  essentially  the  same  as  the  performance 
maps  presented  by  Gloss  and  Nystrom13,  revised  to  reflect  actual  performance  as 
obtained  during  the  checkout  operation  of  the  NTF.  The  maps  at  constant  Mach 
number  show  Reynolds  number  along  the  abscissa,  as  a  function  of  total  ptessure 
along  the  ordinate,  with  lines  of  constant  total  temperature  superimposed.  The 
boundaries  on  these  maps  are  formed  on  the  bottom  by  the  minimum  operating 
pressure,  on  the  left-hand  side  by  the  maximum  operating  temperature  or  by  the 
maximum  inlet  guide  vane  performance,  across  the  top  by  thr  maximum  drive  power 
available  or  by  the  maximum  operating  pressure,  and  on  the  .ght-hand  side  by  the 
minimum  operating  temperature.  Two  minimum  temperature  line:,  are  shown,  one 
corresponding  to  saturation  conditions  at  the  free  stream  test  section  Mach  number, 
and  the  other  more  conservative  one  for  a  local  Mach  number  well  above  the  free 
stream  Mach  number. 
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Some  of  the  data  points  taken  during  the  checkout  phase  are  shown  on  the 
performance  maps  to  indicate  the  range  covered  both  in  air  and  in  nitrogen.  The 
map  boundaries  on  the  upper  left-hand  side  have  been  reduced  somewhat  from  those 
shown  in  reference  13,  once  again  reflecting  the  effect  of  higher  losses  in  the 
tunnel  circuit,  and  also  lower  inlet  guide  vane  performance.  The  principal 
consequence  of  the  reduction  in  the  performance  boundaries  is  a  reduction  in  the 
range  over  which  the  Reynolds  number  can  be  varied  at  constant  total  pressure. 
Operation  at  constant  total  pressure  corresponds  to  operation  at  constant  dynamic 
pressure,  and  therefore,  corresponds  to  relatively  constant  aeroelastic  effects. 
Thus,  there  is  a  reduction  in  the  Reynolds  number  range  over  which  the  aeroelastic 
effects  can  be  held  relatively  constant  at  a  given  Mach  number.  The  reduced  range 
occurs  only  at  the  low  Reynolds  number  end,  and  of  course,  the  full  Reynolds  number 
range  can  still  be  covered  but  not  all  at  constant  pressure. 

On  the  performance  map  for  M=1.0  (figure  8),  it  mav  be  seen  that  the  highest 
data  point  obtained  is  at  a  Reynolds  number  of  117  x  106  which  indicates  that  the 
design  performance  (R^  approximately  120  X  10®  at  M=1.0)  for  the  NTF  was 
substantially  achieved.  The  maximum  operating  envelope  showing  Reynolds  number  as 
a  function  of  Mach  number  is  presented  in  figure  9,  and  gives  a  fairly  complete 
picture  of  the  range  over  which  the  NTF  has  been  operated.  The  boundary  lines  and 
the  lines  of  constant  total  and  dynamic  pressure  correspond  to  operation  at  minimum 
cryogenic  temperature. 

The  maximum  Mach  number  achieved  thus  far  in  the  checkout  and  calibration 
phase  was  1.22,  obtained  in  the  cryogenic  mode  of  operation  in  nitrogen  at  a 
pressure  of  1.2  atm  and  at  a  temperature  of  18QK.  In  air,  the  maximum  Mach  number 
was  1.12  at  a  pressure  of  1.4  atm  and  at  a  temperature  of  320K.  In  both  cases,  the 
maximum  design  Mach  number  was  1.2. 

Floy,  stream  Calibration 

In  preparing  the  NTF  for  operation,  a  comprehensive  calibration  plan  was 
developed.  This  includes  a  steady-state  calibration,  where  the  basic  tunnel  flow 
characteristics  are  determined;  a  dynamic  calibration  where  the  flow  turbulence  is 
measured,  an  assessment  of  wall  interference  and  flow  blockage  characteristics,  and 
a  comparison  of  NTF  data  with  that  obtained  in  other  wind  tunnels  and  in  flight.  A 
major  portion  of  the  steady-state  calibration  has  been  completed  and  will  be 
discussed  here. 

While  the  emphasis  for  tunnel  calibration  was  placed  on  the  test  section 
region,  other  areas  of  the  circuit  were  instrumented  in  order  to  provide  baseline 
information.  As  mentioned  earlier,  figure  1  shows  the  data  measurement  locations 
around  the  circuit.  These  generally  consist  of  total  temperature,  total  pressure, 
and  static  pressure  measurements.  The  fan  section  measurements  were  shown  in  some 
detail  in  figure  2. 

One  of  the  early  calibration  activities  was  to  obtain  a  uniform  temperature 
distribution  downstream  of  the  cooling  coil  for  air  mode  operation.  This  was 
accomplished  using  an  array  of  thermocouples  on  the  downstream  side  of  the  cooling 
coil  positioned  as  shown  in  figure  10.  A  total  of  63  thermocouples  were  used.  The 
variation  in  temperature  from  the  average  of  the  thermocouples  of  326. OK  is  shown 
for  the  top,  middle,  and  bottom  rows  in  figure  11.  These  data  are  for  a  test 
section  Mach  number  of  0.997  at  a  total  pressure  of  1.22  bars.  In  general,  the 
temperature  at  the  downstream  face  of  the  coil  is  uniform  within  plus  or  minus  2 
Kelvin.  Temperature  variations  in  the  test  section  will  be  discussed  later. 

Two  key  reference  measurements  are  made  in  the  settling  chamber  of  the  tunnel 
as  shown  in  figure  12.  The  reference  total  pressure  is  measured  with  a  probe 
mounted  in  a  strut  downstream  of  the  fourth  screen.  The  reference  temperature  is 
measured  by  a  platinum  resistance  thermometer  located  between  the  third  and  fourth 
screens. 

Figure  13  illustrates  the  test  section  variable  geometry  and  indicates 
relative  locations  of  the  test  section  static  pressure  orifices.  The  test  section 
floor  and  ceiling  pivot  at  the  upstream  end  (station  0)  and  can  be  varied  from  one- 
half  degree  convergence  to  one  degree  divergence  in  order  to  accommodate  variations 
in  boundary  layer  over  the  operating  envelope.  The  test  section  sidewalls  are 
parallel  to  each  other  and  will  be  solid  (no  slots)  for  the  initial  calibration. 

The  floor  and  ceiling  of  the  model  support  region  (beginning  of  the  diffuser)  pivot 
at  the  downstream  end  and  can  be  varied  from  0°  to  4.5°  convergence.  Reentry  flaps 
in  the  slots  are  hinged  to  the  front  of  the  model  support  floor  and  ceiling.  The 
reentry  flaps  move  as  a  unit  (althouqh  separate  control  for  the  top  and  bottom 
units  is  provided)  over  a  range  of  0°  to  15°  divergence  relative  to  the  model 
support  floor  or  ceiling.  The  reentry  flaps,  in  conjunction  with  the  model  support 
floor  or  ceiling,  are  positioned  to  accomplish  an  efficient  reentry  into  the 
diffuser  of  the  gas  flows  which  have  penetrated  into  the  test  section  slots  and 
plenum.  Providing  the  proper  test  section  geometry  as  a  function  of  operating 
conditions  is  essential  to  obtaining  a  uniform  test  section  Mach  number 
distribution  and  reducing  energy  losses  in  the  test  section. 
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The  test  section  Mach  number  distribution  was  determined  utilizing  the 
centerline  pipe  (illustrated  in  figure  14)  in  conjunction  with  the  test  section 
wall  orifices.  The  upstream  end  of  the  centerline  pipe  extends  past  the  test 
section  throat  (station  zero)  about  2.74  meters  into  the  contraction  cone.  Forward 
support  is  provided  by  four  cables  (two  horizontal  and  two  vertical)  which  are 
swept  forward  from  the  pipe.  The  aft  anchor  point  for  the  centerline  pipe  is  the 
model  support  arc  sector.  A  slight  up-angle  is  provided  at  the  aft  mount  point  to 
minimize  pipe  sag  in  the  primary  region  of  the  test  section.  This  primary  region 
extends  trom  test  section  station  9  to  station  17  where  station  13  represents  the 
center  of  rotation  for  the  model  support  arc  sector.  The  model  center  of  rotation 
is  maintained  on  the  test  section  centerline.  The  centerline  pipe  is  7.6cm  in 
diameter  and  has  320  static  orifices  0.5mm  in  diameter.  The  prime  row  of  orifices 
extends  the  length  of  the  pipe  at  a  nominal  spacing  of  7.6cm  and  with  2.5cm  spacing 
near  test  section  station  0  and  for  stations  9  to  17 .  In  addition,  at  selected 
stations,  orifices  were  placed  on  90°  centers  around  the  pipe. 

Using  the  centerline  pipe,  the  test  section  Mach  number  distribution  was 
determined  as  a  function  of  total  pressure,  temperature  and  Mach  number.  The 
variable  test  section  geometry  was  utilized  during  the  calibration  so  as  to 
optimize  the  Mach  number  distribution  for  various  test  conditions.  Initially, 
geometry  settings  as  a  function  of  Mach  number  were  established  in  the  air  mode  of 
operation  for  low  pressures  and  ambient  temperatures.  Thus,  when  operating  in  the 
cryogenic  mode,  only  a  minimum  number  of  test  points  were  required  to  determine  the 
optimum  test  section  settings  for  all  operating  conditions.  The  plenum  static 
pressure  was  used  as  a  reference  value  for  calculation  of  test  section  Mach  number 
during  the  calibration.  Final  selection  of  reference  static  pressure  orifices  will 
be  made  on  the  basis  of  the  analysis  of  the  calibration  results. 

An  electronically  scanned  pressure  (ESP)  measurement  system  was  used  for 
obtaining  pressure  measurements.  The  ESP  output  was  acquired,  reduced,  and 
displayed  in  a  real  time  mode  utilizing  the  onsite  mini-computer  data  system.  The 
ESP  system  provided  a  data  snapshot  of  pressure  measurements  for  a  specific  time, 
and  hence,  eliminates  concern  for  changing  pressure  conditions  during  acquisition 
of  a  set  of  data. 

The  Mach  number  distribution  at  Mach  numbers  of  1.0  and  below  was  expected  to 
be  uniform,  therefore,  the  primary  purpose  of  this  part  of  the  calibration  was  to 
obtain  test  section  wall  settings  that  would  provide  a  zero  longitudinal  Mach 
number  gradient  through  the  test  section.  The  results  from  this  part  of  the 
calibration  are  still  being  analyzed.  However,  a  typical  variation  of  Mach  number 
in  the  test  region  is  shown  in  figure  15  and  indicates  a  completely  flat 
distribution  over  about  a  2.4  meter  test  length. 

In  addition  to  calibrating  the  test  section  for  Mach  number  distribution,  the 
uniformity  of  test  section  flow  with  respect  to  total  pressure  and  temperature,  and 
flow  angularity  have  been  established.  The  survey  rake  illustrated  in  figure  4  was 
utilized  to  determine  total  pressure  and  temperature  uniformity  in  the  test 
section. 

The  rake  had  an  array  of  twenty  total  pressures  and  ten  total  temperatures  and 
was  mounted  in  the  NTF  roll  coupling  (internal  to  the  model  support  arc  sector)  to 
provide  roll  capability  of  ±  180°.  The  front  of  the  rake  was  located  at  the  arc 
sector  center  of  rotation  (station  13) .  The  pressures  were  measured  with  the  ESP 
system,  and  the  thermocouples  utilized  an  on-board  reference  junction  to  enhance 
measurement  accuracy.  The  absolute  level  of  the  thermocouple  measurements  was 
anchored  by  a  platinum  resistance  thermometer  mounted  in  the  settling  chamber  of 
the  tunnel. 

Figures  16  and  17  show  typical  variations  of  total  pressure  across  the  test 
section  normalized  by  the  reference  total  pressure.  The  two  figures  are  for  air 
operation  at  324K  and  cryogenic  at  122K,  respectively.  The  reference  line  faired 
through  the  data  is  for  a  condition  of  zero  gradient.  It  will  be  noted  from  an 
inspection  of  the  data  that  a  pressure  gradient  is  not  detectable  in  either  the 
horizontal  or  vertical  direction.  Data  taken  at  other  radial  cuts  across  the  test 
section  indicate  the  same  result.  This  uniform  profile  i6  probably  due  to  the 
streamline  configuration  and  relatively  high  loss  characteristics  of  the  cooling 
coil  located  at  the  start  of  the  settling  chamber. 

Figures  18  and  19  show  typical  variations  in  total  temperature  across  the  test 
section  normalized  by  the  reference  total  temperature.  The  data  of  figure  18  were 
taken  in  the  air  mode  using  the  cooling  coil.  Again,  the  reference  lines  represent 
zero  gradient.  The  distribution  of  data  about  this  line  is  within  plus  or  minus  1 
Kelvin.  The  data  of  figure  19  were  taken  in  the  cryogenic  mode  using  the  liquid 
nitrogen  injectors  for  cooling.  These  data  generally  fall  within  a  band  of  plus  or 
minus  0.5  Kelvin.  It  should  be  noted  that  the  total  temperature  ratio  is  slightly 
higher  than  unity.  This  is  due  to  an  offset  in  the  reference  temperature  junction 
which  was  not  corrected  during  the  test.  This  is  not  considered  important  for  this 
discussion  since  the  temperature  uniformity  across  the  test  section,  which  was  the 
primary  item  of  interest,  was  unaffected. 
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A  second  blade  exists  for  the  survey  rake  which  will  accommodate  flow 
angularity  probes  as  well  as  hot  wires  or  fluctuating  pressure  probes.  The 
calibration  plan  includes  a  future  survey  of  the  test  section  to  determine  these 
effects.  The  measurements  to  be  made  are  outlined  in  figure  20.  In  the  interim, 
flow  angularity  has  been  investigated  with  the  Pathfinder  I  model  which  is 
discussed  later. 

A  description  of  planned  calibration  testing  to  assess  wall  interference,  flow 
blockage  characteristics,  and  the  correlation  of  the  NTF  data  with  data  from  other 
wind  tunnels  and  flight  is  presented  in  reference  14. 

Pathfinder  I 

In  December  1984,  the  Pathfinder  I  was  installed  in  the  NTF  tor  checkout 
testing.  This  is  a  high  aspect- rat io  configuration  with  a  solid  supercritical 
wing.  A  sketch  ol  the  model  with  a  tew  pertinent  dimensions  is  shown  in  figure 
21.  The  initial  test  program  was  to  check  out  the  model  instrumentation  and 
associated  data  acquisition  and  reduction  programs.  The  on-board  instrumentation 
includes  a  six-component  strain  gage  force  balance,  six  ESP  modules,  accelerometer 
type  angle  of  attack  unit,  electrolytic  bubble,  and  type-T  thermocouples.  On  the 
tunnel  was  mounted  a  model  laser  angle  of  attack  unit  which  utilized  a 
retroref lector  assembly  mounted  in  the  top  of  the  Pathfinder,  and  a  model 
deformation  stereo  video  system  which  tracked  targets  on  the  left  wing.  Another 
accelerometer  type  angle  of  attack  system  was  mounted  at  the  downstream  end  of  the 
model  sting  system  for  measuring  sting  deflection.  A  description  of  the 
instrumentation  systems,  along  with  requirements  imposed  by  the  cold  testing 
environment  and  a  discussion  of  the  research  and  development  activities  to  satisfy 
the  environment,  is  given  in  reference  15. 

Before  installing  the  Pathfinder  in  the  test  section,  the  model  was  assembled 
and  statically  loaded  in  a  model  assembly  bay  at  room  temperature  to  primarily 
check  the  balance  and  software  programs.  Following,  the  Pathfinder  was  statically 
loaded  at  cryogenic  temperatures  using  the  cryogenic  chamber  described  in  reference 
12  to  check  for  temperature  effects.  Figures  22  and  23  shows  the  Pathfinder  inside 
the  chamber.  In  one  view,  the  model  is  loaded  for  normal  force  and  the  other  view 
is  for  side  force.  Figure  24  shows  the  relationship  between  the  temperatures  of 
the  environment  inside  the  chamber  during  cryogenic  checkout  and  that  of  the  model 
balance.  During  these  tests,  the  balance  output  was  checked  as  a  function  of 
temperature. 

Figure  25  shows  the  Pathfinder  I  mounted  in  the  NTF  test  section.  The  targets 
for  the  Model  Video  Deformation  System  can  be  seen  on  the  left  wing.  Tunnel  tests 
were  performed  in  December  1984  in  air  at  temperatures  around  320K  and  in  January 
1985  in  nitrogen  at  temperatures  down  to  116K.  Data  analysis  is  still  ongoing,  and 
hence,  results  are  not  available  in  time  for  inclusion  in  this  report.  However, 
this  initial  checkout  of  instrumentation  systems  was  considered  to  be  highly 
successful  with  all  instrumentation  systems  operating.  Further  refinements  will 
continue  in  order  to  improve  performance  on  some  systems  at  cryogenic  temperature. 
The  tunnel  flow  angularity  was  also  investigated  using  the  Pathfinder  I  model  to 
obtain  an  integrated  value  of  the  flow  angle  by  testing  the  model  upright  and 
inverted.  The  variation  of  normal  force  coefficient  with  model  angle  of  attack  for 
the  model  upright  and  inverted  is  shown  in  figure  26  for  Mach  numbers  of  0.60  and 
0.82.  The  near  perfect  agreement  between  the  upright  and  inverted  runs  at  both 
Mach  numbers  indicates  that  a  correction  for  flow  angle  in  the  NTF  at  these  test 
conditions  will  not  be  required. 


The  construction  of  the  National  Transonic  Facility  was  completed  in  September 
1982,  and  shakedown  operations  started  the  following  month,  with  the  maximum 
Reynolds  number  being  obtained  in  May  1983.  In  May  1984,  the  aerodynamic 
calibration  of  the  tunnel  commenced  and  was  performed  in  parallel  with  checkout  of 
the  hardware  systems,  and  in  August  of  the  same  year  the  final  operational 
readiness  review  was  conducted  and  the  facility  declared  operational  for 
aerodynamic  research  and  development  testing. 

The  first  phase  of  the  flow  uniformity  calibration  has  been  completed,  and  the 
first  aerodynamic  calibration  model.  Pathfinder  I,  was  installed  in  December  1984 
primarily  for  checkout  of  model  instrumentation  systems.  The  facility  has  been 
operated  in  both  air  and  nitrogen  modes  covering  a  Mach  number  range  of  0.2  to  1.22 
at  pressures  up  to  8.5  atm  and  at  temperatures  down  to  100K.  Some  of  the 
performance  information  obtained  during  shakedown  and  calibration  is  presented  in 
this  paper.  Also,  an  outline  of  the  overall  calibration  plans  for  the  NTF  is 
presented. 
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Figure  1.-  Pressure  and  temperature  data 
measurement  locations  around 
NTF  circuit. 


Figure  2.-  Instrumentation  on  NTF  fan 
nacelle. 
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Figure  5.-  Preliminary  results  of  NTF 
pressure  ratio  measurement 
versus  Mach  number  with 
survey  rate  installed. 
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Figure  6.-  Preliminary  NTF  performance 
map  for  M  =  0.6. 
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Figure  3.-  Preliminary  results  of  NTF 
pressure  ra  io  measurements 
versus  Mach  number  without 
a  model  installed. 


Figure  7.-  Preliminary  NTF  performance 
map  for  M  =  0.8. 
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Figure  12.-  NTF  reference  total  pressure 
and  total  temperature 
measurement  locations. 


Figure  9.-  Preliminary  NTF  operating 
Reynolds  number  envelope 
for  minimum  cryogenic 
temperature. 
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Flqure  10.-  NTF  cooling  coll  showing  location 
of  the  63  thermocouples  on  the 
downstream  face. 
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Figure  U.-  Temperature  variation  for  the 
top,  middle  and  bottom  rows  of 
thermocouples  on  the  NTF  cooling 
coll  face. 
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Figure  13.-  NTF  test  section  variable 
geometry  and  location  of 
static  pressure  orifices. 
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Figure  14.-  NTF  test  section  static  pipe. 
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Figure  15.-  Variation  of  Mach  number  In 
NTF  test  section. 
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Figure  16.-  Variation  of  total  pressure 
across  NTF  test  section,  air 
operation. 


Figure  19.-  Variation  of  total  temperature 
across  NTF  test  section, 
cryogenic  operation. 
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Figure  17.-  Variation  of  total  pressure 
across  NTF  test  section, 
cryogenic  operation. 
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Figure  20.-  NTF  dynamic  flow  quality 
calibration  measurements. 


Figure  21.-  Sketch  of  Pathfinder  I. 
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Figure  18.-  Variation  of  total  temperature 
across  NTF  test  section,  air 
operation. 
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Fiaure  22.-  NTF  Pathfinder  I  in  chamber 

with  normal  load  for  checkout 
at  cryogenic  temperature. 


Figure  23.-  NTF  Pathfinder  I  in  chamber 

with  sideload  for  checkout  at 
cryogenic  temperature. 
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Figure  24.-  Temperature  history  of  cryo 
chamber  and  model  balance 
during  static  checkout. 


Figure  25.-  Pathfinder  I  with  solid  wing 

mounted  in  the  NTF  test  section. 


Figure  26.-  Normal  force  coefficient  as 
a  function  of  model  pitch 
for  two  Mach  nimbers  as 
measured  by  the  Pathfinder  I 
model  in  the  NTF  test  section. 
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SUMMARY 

Following  the  development  of  the  cryogenic  wind  tunnel  at  the  NASA  Langley  Research 
Center  in  1972,  a  large  number  of  cryogenic  wind-tunnel  projects  have  been  undertaken  at 
various  research  establishments  around  the  world.  The  purpose  of  this  lecture  is  to 
describe  some  of  the  more  significant  cryogenic  wind-tunnel  projects  not  covered  by 
other  lecturers  at  this  Special  Course. 

Described  in  this  lecture  are  cryogenic  wind-tunnel  projects  in  China  (Chinese 
Aeronautical  Research  and  Development  Center),  England  (College  of  Aeronautics  at 
Cranfield,  Royal  Aircraft  Establishment  -  Bedford,  and  University  of  Southampton),  Japan 
(National  Aerospace  Laboratory,  University  of  Tsukuba,  and  National  Defense  Academy), 
Sweden  (Rollab),  and  the  United  States  (Douglas  Aircraft  Co.,  University  of  Illinois  at 
Urbana-Champaign,  and  NASA  Langley). 


1.  INTRODUCTION 

So  far,  in  this  series  of  lectures,  we  have  heard  about  some  of  the  cryogenic  wind 
tunnel  activities  in  the  various  member  countries  of  AGARD.  Mr.  Bruce  has  described  the 
U.S.  National  Transonic  Facility  (NTF)  which  is,  by  any  account,  the  most  significant 
transonic  cryogenic  tunnel  project  thus  far  completed.  In  a  previous  lecture,  I 
described  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (0.3-m  TCT )  which  has  been  in 
continuous  operation  since  1973.  The  0.3-m  TCT  has  the  distinction  of  being  the  first 
transonic  cryogenic  tunnel. 

From  Germany,  we  have  heard  from  Dr.  Viehweger  of  the  DFVLR  Kryo  Kanal  Koeln  ( KKK ) 
which  is  the  largest  and  most  significant  low-speed  cryogenic  tunnel  project  completed. 
Also  from  Germany,  we  have  heard  from  Dr.  Hefer  of  the  DFVLR  Cryogenic  Ludwieg  Tube 
Tunnel  at  Goettingen.  We  have  heard  Mr.  Dor  describe  the  various  cryogenic  wind  tunnel 
activities  in  France.  These  activities  include  the  work  at  the  ONERA  research  center  at 
Toulouse  on  T2  which,  in  addition  to  its  ability  to  operate  at  cryogenic  temperatures, 
has  been  successfully  fitted  with  an  adaptive-wall  test  section.  Mr.  Tizard  has 
described  the  European  Transonic  Tunnel  (ETW),  perhaps  the  most  ambitious  cryogenic 
tunnel  project  next  to  the  NTF. 

The  various  lectures  of  this  AGARD- FDP/VK I  Special  Course,  taken  together,  indicate 
a  very  high  level  of  cryogenic  wind  tunnel  activity  within  the  AGARD  community.  It 
should  not  be  surprising,  however,  to  learn  that  there  are  several  other  cryogenic 
tunnel  projects,  either  completed  or  planned,  in  both  AGARD  and  non-AGARD  countries.  it 
is  my  purpose  in  this  lecture  to  describe  briefly  some  of  these  cryogenic  tunnel 
projects,  giving  as  much  technical  detail  about  each  as  I  have  been  able  to  gather, 
either  by  personal  observation  or  through  the  generous  cooperation  of  persons  directly 
involved  with  each  project. 

In  order  to  explain  the  absence  of  some  cryogenic  wind-tunnel  projects  from  this 
lecture,  it  should  be  noted  that  no  attempt  has  been  made  to  describe  all  of  the 
projects  not  otherwise  covered  in  this  series  of  lectures.  Rather,  the  various  projects 
described  in  the  following  pages  have  been  selected  to  illustrate  the  wide  variety  of 
cryogenic  wind-tunnel  projects  which  have  arisen  since  the  first  cryogenic  wind  tunnel 
was  built  at  NASA  Langley  in  1972. 

Much  of  the  information  with  respect  to  the  various  tunnel  projects  is  presented  in 
tables.  An  entry  of  "?"  indicates  that  information  is  not  available  at  the  time  the 
written  version  of  this  lecture  was  being  typed.  For  some  of  the  projects  still  in  the 
study  or  planning  stages,  final  design  decisions  have  not  been  made.  For  these  cases, 
the  table  entry  is  "to  be  determined."  Unless  otherwise  specified,  the  value  of 
Reynolds  number  is  given  per  metre.  Considerable  effort  has  been  made  to  verify  the 
accuracy  of  the  "factual"  information  contained  in  this  lecture.  However,  the  reader  is 
advised  to  contact  directly  the  people  involved  with  each  of  the  projects  for  more 
detailed  information,  particularly  with  respect  to  the  status  of  on  going  projects. 


2.  CHINA 

Since  1975,  researchers  at  the  Chinese  Aerodynamic  Research  and  Development  Center 
( CARDC ) ,  Mianyang,  Sichuan,  China,  have  studied  various  schemes  for  high  Reynolds  number 
transonic  wind  tunnels  including  the  cryogenic  nitrogen  wind  tunnel.  They  have 
concluded  from  their  studies  that  the  continuous  flow  cryogenic  nitrogen  tunnel  is 
particularly  attractive  for  meeting  their  high  Reynolds  number  transonic  testing 
requirements.  However,  due  to  the  relatively  high  initial  cost  of  a  continuous  flow 
cryogenic  tunnel,  the  researchers  at  CARDC  have  studied  alternate  intermittent  cryogenic 
wind-tunnel  schemes  as  a  way  of  achieving  the  required  high  Reynolds  numbers  at  less 
cost.  The  results  of  their  studies  are  reported  in  Reference  1. 


The*  intermi  t  t«?nt  cryo<]onic  tunnel  scheme  boinq  proposed  by  CARDC  would  use 
pi ecoo led  high  pressure  air  winch  is  further  cooled  by  throttling  before  passing 
throuqh  the  wind  tunnel  test  section  into  a  storuqe  tank.  As  noted  in  Reference  l,  the 
capital  cost  of  the  proposed  cryogenic  tunnel  is  greatly  reduced  by  takinq  advantage  or 
an  existing  hiqh  pressure  air  storage  system. 

The  maior  characteristics  ot  the  proposed  CAR  IK'  2 .  4  x  2.4  ir.  hiqh  Reynolds  number 
cryoqenic  transonic  wind  tunnel  are  listed  in  Table  l. 

To  achieve  the  specified  tost 
Reynolds  number,  both  staqnation  pressure 
and  temperature  will  be  varied  with 
Mach  number.  For  example,  at  a  Mach 
number  of  0.8,  the  staqnation  pressure 
would  be  506  kPa  and  the  staqnation 
temperature  would  be  154  K.  It  was 
indicated  in  Reference  1  that  staqnation 
pressures  up  to  1013  kPa  could  be  used 
with  staqnation  temperatures  varyinq 
from  ambient  to  a  lower  limit  set  by 
t  he  condensation  boundary  for  air. 


The  CARDC  intermittent  cryogenic 
wind  tunnel  will  consist  of  an  existinq 
hiqh  pressure  air  supply  system,  the 
various  components  or  the  wind  tunnel, 
and  a  system  for  collect i nq  the  cold  air 
which  has  passed  throuqh  the  test 
section.  A  schematic  diuqram  ot  th»* 
proposed  tunnel  is  shown  in  Figure  1. 


minute  to  22.3  MPa  (22 0  atm).  The  hiqh 
pressure  storage  tanks  are  made  of 
09Mn2VR  low  temperature  steel  and  have 
3  total  volume  of  about  1290  m ’ .  The 
initial  filling  time  for  the  storuqo 
tanks  is  about  5  hours.  During  normal 
operation,  where  the  pressure  m  the 
storage  tanks  is  not  reduced  below 
15.2  MPa  (150  atm),  filling  time  is 
about  2  hours.  The  precooling  system 
not  only  cools  the  compressed  air  but 
also  reduces  the  water  content  to  less 
than  0.2  gram  per  kg  of  air.  Two  heat 
exchangers  are  alternately  used,  one 
operating  while  the  other  is  defrosting. 

There  will  be  constant  temperature  equipment  to  compensate  for  the  temperature 
reduction  in  the  air  expanding  adiabat ical ly  in  the  high  pressure  container. 

Altogether,  6  36  x  10  ’  kq  of  FL5  aluminum  alloy  will  be  used  in  the  constant  temperature 
equipment.  As  explained  in  Reference  1,  the  relatively  large  pressure  regulating  valve 
and  the  constant  pressure  throttling  valve  will  be  very  important  elements  in  the  tunnel 
control  system. 

There  will  be  a  shock  wave  stabilizer  in  the  last  part  of  the  wind  tunnel  dilfuser. 
It  will  be  used  to  control  the  position  of  the  shock  wave  in  order  to  hold  the  test 
section  Mach  number  constant.  During  a  tent,  the  air  pressure  in  the  collecting 
container  will  increase  con t inuously .  The  shock  wave  of  the  wave  stabilizer  will 
continuously  move  forward,  but  the  wave  stabilizer  will  make  the  shock  wave  stabilize  at 
the  downstream  end  of  the  throat  to  keep  the  test  Mach  number  constant. 

The  air  container  will  be  used  to  collect  the  low  temperature  air  after  it  has 
passed  through  the  test  section.  A  portion  of  the  air  will  be  used  to  cool  the  pre- 
cool  ing  system.  The  remainder  of  the  air  will  be  recompressed  and  stored  in  the 
storage  tanks.  A  typical  volume  envisioned  for  the  air  collecting  container  will  be 
about  2. 7- 3. 6  x  10^  m  .  Under  conditions  where  low  temperature  air  must  be  exhausted 
directly  to  the  atmosphere,  provision  will  be  made  to  increase  the  temperature  ot  the 
air  so  as  to  avoid  problems  with  fogging. 


There  are  five  axial-flow 
compressors  in  the  existing  high 
pressure  air  supply  system,  each 
capable  of  compressing  13(1  pc 


TABLE  1.  -  Characteristics  of  Proposed 

Cryogenic  Transonic  Tunnel 

at  CARDC  (China) 

Type . 

intermittent 

Material  of  construction. . 

7 

Insulation . 

7 

Cooling . 

throttling 

Test  gas . 

air 

Test  section  size  (h,v,l). 

2.4  X  2.4  x  ?  m 

Mach  range . 

0.5  -  1.6 

Contraction  ratio . 

? 

Stagnation  pressure . 

up  to  1013  kPa 

Stagnation  temperature. . . . 

sat.  to  ambient 

Running  time . 

Max.  Reynolds  number/m. . . . 

167  million 

5  Axul  Compressors 

Precooling  System 


Shock  Stabilizer 


i  2  Bar  Gas  Collector 


t  Constant  Pressure 
li-rottling  Valve 


Fig.  1  CARDC  2.4  x  2.4  m  high  Reynolds 
number  transonic  wind  tunnel. 
(Figure  from  Ref.  1) 


3 .  ENGLAND 

3.1  College  of  Aeronautics,  Cranfield 

Schult2  and  his  co-workers  at  Oxford  University  proposed  and  built  an  ^_sentropic 
JUght  piston  t_unnel  (ILPT)  to  measure  heat  transfer  rate  on  gas  turbine  blades  in  a 
short  duration,  hot,  low-Reynoids-number  flow.  The  ILPT  is  shown  schematically  in 
Figure  2. 
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Fig.  3  Pressure  and  temperature  time 
histories  for  cryogenic  and 
standard  I  LPT.  (Ref.  4) 


In  this  tunnel  concept,  a  light  piston  is  driven  by  compressed  air  into  a  charge 
tube,  compressing  and  heating  the  gas  in  the  tube  almost  isentropical ly .  The  piston 
acts  as  a  barrier  between  the  compressed  air  expanding  into  the  charge  tube  and  the  gas 
in  the  charge  tube  which  is  being  compressed.  When  the  desired  pressure  and  temperature 
are  reached  by  the  gas  in  the  charge  tube,  a  fast-acting  valve  (or  diaphragm)  at  the  end 
of  the  charge  tube  is  opened  to  allow  the  hot  test  gas  to  pass  through  the  test  section. 
The  tunnel  is  designed  so  that  the  volumetric  flow  of  compressed  air  from  the  reservoir 
into  the  charge  tube  exactly  matches  the  flow  of  gas  from  the  charge  tube  through  the 
test  section.  By  matching  the  flows  in  this  way,  constant  test  conditions  are 
maintained. 

At  the  College  of  Aeronautics,  Cranfield  Institute  of  Technology,  Bedford,  Stollery 
and  Murthy  suggested  that  the  Oxford  type  of  light  piston  tunnel  could  be  operated  in 
reverse  in  order  to  achieve  intermi t tent ,  low-temperature ,  high-Reynolds-number  flows. 
The  scheme  for  the  cryogenic  isentropic  light  piston  tunnel  (CILPT)  is  shown  in  Figure  2 
in  its  simplest  form  in  which  high  pressure  gas  in  the  charge  tube  is  vented  to  the 
atmosphere.  When  the  vent  valve  is  opened,  the  pressure  and  temperature  in  the  charge 
tube  expand  isentropica lly  to  the  values  required  for  the  test,  whereupon  the  vent  valve 
is  closed.  The  valve  separating  the  test  section  from  the  charge  tube  is  opened,  and 
following  a  predetermined  delay  of  a  few  milliseconds,  the  piston  is  set  in  motion  by 
opening  the  valve  between  the  charge  tube  and  the  medium  pressure  reservoir,  thereby 
pushing  the  cold  gas  in  the  charge  tube  out  through  the  test  section.  Again,  by 
matching  the  incoming  and  outgoing  volumetric  flows,  constant  test  conditions  are 
maintained.  The  idealized  pressure  and 
temperature  time  history  for  both  the 
I  LPT  and  the  cryogenic  version  of  the 
I  LPT  are  shown  in  Figure  3. 


A  pilot  intermittent  cryogenic 
wind  tunnel  based  on  this  light  piston 
concept  has  been  constructed  and 
tested  at  the  College  of  Aeronautics. 
Using  nitrogen  as  the  test  gas,  both 
the  low  stagnation  temperature  and  the 
required  matching  of  volumetric  flows 
have  been  achieved.  A  very  thorough 
analysis  of  the  CILPT  as  well  as  the 
design  details  of  the  pilot  CILPT  and 
experimental  results  obtained  from  the 
tunnel  are  given  in  Reference  6.  The 
major  characteristics  of  the  pilot 
CILPT  at  Cranfield  are  listed  in 
Table  2.  The  general  arrangement  of 
the  pilot  CILPT  is  shown  in  Figure  4. 

Preliminary  studies  have  been 
made  of  much  larger  versions  of  the 
CILPT  by  Stollery  and  his  co-workers. 
For  example,  when  the  original 
specifications  for  the  cryogenic 
version  of  the  proposed  European 
Transonic  Windtunnel  are  assumed, 
i.e.,  p£  =  440  kPa  (4.4  bars), 

Tt  =  120  K,  1.95  x  1.65  m  test  section 
and  R-  *  40  million  at  M  =  0.9,  the 
total^test  mass  required  for  10 
seconds  running  time  is  53,000  kg. 

The  corresponding  charge  tube  volume 
is  4060  m3  which  would  require,  for 
example,  a  4  m  diameter  cylinder  over 
300  m  long. 


Fig  .  4 


General  arrangement  of  Pilot 
CILPT  at  Cranfield.  [Ref.  6) 
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In  order  to  achieve  the  required  temperature  during  the  expansion  process,  the 
ideal  pressure  ratio  through  which  the  gas  must  be  expanded  is  25:1.  Thus,  part  of  the 
charge  tube  must  be  stressed  to  accommodate  pressures  of  11  MPa  (110  bars). 

In  fact,  departure  from  the  ideal,  caused  by  heat  transfer  from  the  walls  of  the 
charge  tube  to  the  gas,  requires  that  the  gas  be  expanded  through  a  considerably  larger 
ratio.  Typically,  to  achieve  a  stagnation  temperature  of  120  K  from  an  initial 
temperature  of  300  K,  an  expansion  ratio  of  about  35:1  will  be  required. 

If  the  CILPT  concept  were  used  to  achieve  the  maximum  design  Reynolds  number  of 
120  million  of  the  2.5  x  2.5  m  U.S.  National  Transonic  Facility  ( NTF )  at  the  design 
maximum  stagnation  pressure  of  880  kPa  (8.8  bars),  the  test  mass  would  be  194,000  kg 
stored  in  a  7400  charge  tube  at  22  MPa  (220  bars). 

As  noted  in  Reference  5,  CILPT  versions  of  the  ETW  or  the  NTF  would  be  very  large 
facilities  but  would  also  have  the  virtue  of  being  extremely  simple.  It  is  also  noted 
that  concerns  remain  over  the  quality  of  the  flow  in  such  facilities  as  well  as  possible 
variations  in  the  stagnation  temperature  during  the  run  due  to  heat  transfer  from  the 
charge  tube  to  the  gas. 

A  more  modest  application  of  the  CILPT  was  also  studied.  An  example  given  in 

Reference  5  assumed  an  arbitrary  structural  limit  of  600  kPa  (6  bars)  and  a  0.6  x  0.6  m 

test  section  designed  for  M  =  0.9.  The  charge  tube  volume  required  for  a  1  second  run 
would  be  a  modest  47  m  ,  e.g.  a  2  m  diameter  cylinder  15  m  long.  Such  a  facility  could 
achieve  a  Reynolds  number  of  19  million  compared  to  5.2  million  for  a  straight  blowdown 
tunnel  operating  at  pt  =  600  kPa  (6  bars)  and  Tt  =  300  K. 

3.2  Royal  Aircraft  Establishment  -  Bedford 

A  closed  circuit  Cryogenic  Test  Duct  has  been  constructed  at  the  Royal  Aircraft 
Establishment  (RAE),  Bedford  as  part  of  the  United  Kingdom  support  for  the  European 
Transonic  Windtunnel  (ETW)  program.7  The  Test  Duct  is  used  as  an  inexpensive  and 
convenient  way  of  providing  a  cryogenic  environment  for  testing  wind  tunnel  balances  and 
model  components  under  realistic  conditions  of  gas  flow.  The  maximum  gas  velocity 
through  the  0.3  m  square  test  section  is  25  m/s,  falling  with  temperature.  By 

controlling  the  rate  of  injection  of  LN?  in  the  circuit,  the  gas  temperature  can  rapidly 

be  reduced  and  controlled  at  any  level  between  ambient  and  90  K. 


The  Test  Duct  was  fitted  with 
external  insulation  for  the  early 
experiments.  The  external 
insulation  consists  of  a  plywood 
shroud  containing  vermiculite  in  a 
10  cm  gap  between  the  plywood  and 
the  aluminum  Duct.  A  dry  nitrogen 
purge  is  provided  in  the  insulation 
space  for  dryness  and  to  reduce  the 
chance  of  oxygen  enrichment. 
Recently,  in  a  successful  effort  to 
increase  the  rate  at  which 
temperature  can  be  changed,  about 
75  percent  of  the  inner  surface  of 
the  Duct  has  been  lined  with  a  3  mm 
thick  layer  of  either  cork  or  FEP 
insulation . 

The  major  characteristics  of 
the  Cryogenic  Test  Duct  at  RAE  - 
Bedford  are  given  in  Table  3.  The 
general  arrangement  of  the  Test 
Duct  is  shown  in  the  photograph 
Of  Figure  5,  taken  before  the 
Duct  was  insulated. 

A  simple  calibration  device  is 
provided  for  loading  small  wind 
tunnel  balances  mounted  in  the  test 
section  and  some  observations  have 
been  made  of  the  behavior  of  a  3- 
component  balance  under  transient 
temperature  conditions.  In 
addition,  the  test  section  of  the 
Duct  has  transparent  sides  which 
allow  direct  visual  observation 
during  tests.  Details  of  the  design 
and  operational  characteristics  of 
the  RAE  Cryogenic  Test  Facility  and 
some  of  the  test  results  obtained  on 
the  NLR  771  strain  gage  balance  are 
given  in  Reference  7. 


TABLE  3.-  Characteristics  of  cryogenic 

Test  Duct  at  RAE-Bedford  (England) 

Type . 

.  closed  circuit, 
centrifugal  fan 

Material  of  construction. . 

aluminum 

Insulation . 

external  and  internal 

Coolinq . 

liquid  nitrogen 

Test  gas . 

nitrogen 

Test  section  size  (h,w,l). 

0.3  x  0.3  x  1.5  m 

Speed  range . 

up  to  25  m/s 

Contraction  ratio . 

1:1 

Stagnation  pressure . 

atmospheric 

Stagnation  temperature. . . . 

90  K  -  ambient 

Running  time . 

typically  1  hour 

Max.  Reynolds  number/m.... 

11.4  million 

Drive  motor . 

9  kw 

Fan  speed . 

up  to  2500  rpm 

L N2  tank  volume . 

1.28  B3 

3.3  University  of  Southampton 

Dr.  M.  .1 .  Gooijyer  of  tin?  University  of  Southampton  must  be  given  credit  for 
starting  this  era  ot  cryogenic  tunnels.  While  working  on  magnetic  suspension  and 
balance  systems  (MSBSs)  at  the  NASA  hang  ley  Research  Center  in  1971,  be.  Goodyer 
S”  igested  the  use  of  either  air  or  nitrogen  at  cryogenic  test  temperatures  as  a  way  of 
increasing  the  test  Reynolds  number  in  the  small  wind  tunnels  equipped  with  MSBSs. 
Goodyer* s  proposal  seemed  reasonable,  not  only  for  tunnels  of  modest  size  fitted  with 
MSBSs,  but  also  for  large  tunnels  that  would  be  capable  of  testing  models  at  or  near 
full-scale  values  of  Reynolds  number.  Because  of  the  urgent  need  for  a  reasonable  size 
transonic  tunnel  capable  of  testin',*  at  or  near  full-scale  Reynolds  numbers,  the  work  at 
Langley  on  MSBSs  was  temporarily  set  aside  as  a  small  team  of  researchers  set  out  to 
soLve  any  practical  problems  that  might  be  found  in  trying  to  make  the  cryogenic  wind 
tunneL  concept  work. 

That  our  efforts  were  successful  is  demonstrated  by  the  fact  that  the  C.S.  National 
Transonic  Facility  (NTF)  is  now  in  operation.  In  recognition  ot  his  contribution  to  the 
NTF,  Dr.  Goodyer  was  awarded  the  NASA  Exceptional  Scientific  Achievement  Medal  in  19b4 
"for  scientific  contributions  in  proposing  and  verifying  the  cryogenic  wind  tunnel 
concept  which  led  to  the  development  of  the  National  Transonic  Facility." 

Since  returning  to  Southampton  in  1972,  Dr.  Goodyer  has  continued  to  work  with 
researchers  at  Langley  through  various  grants  and  contracts  in  the  areas  of  cryogenic 
tunnels,  MSBS,  and  adaptive  wall  test  sections. 

His  work  at  Southampton  has  been  extremely  productive,  especially  in  his  efforts  to 
develop,  demonstrate  and  perfect  various  improvements  in  testing  techniques.  As  an 
integral  part  of  this  effort,  Dr.  Goodyer  and  his  co-workers  in  the  Department  of 
Aeronautics  and  Astronautics  have  designed  and  built  a  very  successful  low-speed 
cryogenic  tunnel. 

3.3.1  Low-speed  cryogenic  tunnel 

This  low-speed  cryogenic  tunnel  has  been  described,  in  some  detail,  by  Goodyer  in 
the  opening  lecture8  of  this  Special  Course  and,  except  for  the  basic  specifications  and 
some  interesting  features,  will  not  be  repeated  here. 

Since  it  was  first  operated  at  cryogenic  temperatures  on  March  4,  1977,^  it  has 
accumulated  about  35  hours  of  operation  at  temperatures  less  than  150  K.  Materials  of 
construction  include  aluminum,  glass  fiber  reinforced  polyester,  polycarbonate,  resin 
impregnated  glass  laminate,  stainless  steel,  brass,  copper,  and  glass.  This  tunnel  has 
evolved  into  a  very  sophisticated  facility  with  several  improvements  having  been  made 
since  being  commissioned  in  1977.  0  For  example,  it  has  been  equipped  with  an  automatic 
control  system  capable  of  holding  either  Mach  number  or  Reynolds  number  constant.  1 

Finally  realizing  the  goal  which  prompted  the  original  cryogenic  wind  tunnel 
research  at  Langley  in  1971-72,  the  Southampton  low-speed  cryogenic  tunnel  was  modified 
in  1978  and  used  in  conjunction  with  the  Southampton  6-component  magnetic  suspension  and 
ba  lance  system.  12 

The  basic  specifications  for 
the  Southampton  low-speed  cryogenic 
tunnel  are  given  in  Table  4. 

As  with  many  low-speed 
cryogenic  tunnels,  electric  heaters 
were  added  to  the  circuit  to  speed 
up  the  warming  of  the  tunnel 
following  cryogenic  operation.  In 
addition,  they  provide  an  easy  way 
to  achieve  close  control  of  total 
temperature  when  a  slight  excess  of 
liquid  nitrogen  is  injected  over 
that  required  to  balance  the  heat 
added  to  the  stream  by  the  fan.  In 
the  Southampton  tunnel ,  they  provide 
a  unique  ability  to  operate  at 
temperatures  up  to  380  K  {+  105°C, 

+  221°F)  by  using  the  three  1  kW 
electric  heaters  to  supplement  the 
heat  added  to  the  stream  by  the 
drive  fan.  The  ability  to  operate 
at  elevated  temperatures  provides 
a  greatly  increased  range  of  test 
Reynolds  numbers . 

The  Southampton  low-speed  tunnel  has  been  used  for  a  variety  of  purposes,  some 
taking  advantage  of  the  fact  that  the  "regular"  test  section  is  fitted  with  windows  in 
the  top  and  side.  An  early  application  was  the  successful  development  of  a  surface  flow 
visualization  technique  using  a  pigment  suspended  in  liquid  propane  (C^Hg).  ^  Also,  a 
variety  of  tuft  materials,  including  wool  and  cotton,  were  shown  to  be  usable  to  the 
lowest  temperatures  obtainable,  i.e.,  79  K. 


TABLE  4.-  Characteristics 

of  Cryogenic  Low-Speed 

Tunnel  at  Southampton  (England) 

Type . 

closed  circuit,  fan 

Material  of  construction. . 

mostly  aluminum 

Insulation . 

external 

Cooling . 

liquid  nitrogen 

Test  gas . 

nitrogen; 

Test  section  size  (h,w,l) 
Regular . 

air  (when  running  hot) 

0.11  x  0.11  x  0.25  m 

MSBS . 

0.14  x  0.11  x  0.41  m 

Speed  range . 

14  -  72  m/s 

Mach  range . 

0.04  -  0.40 

Contraction  ratio . 

5.4:1 

Stagnation  pressure . 

atmospheric 

Stagnation  temperature . 

79  -  380  K 

Running  time . . 

typically  1  hour 

Max.  Reynolds  number/a . 

50  million 

Drive  motor . 

4  kw 

Fan  speed . . . . . . 

up  to  7200  rpm 

LN2  tank  volume . 

0.17  a3 

Ui-ft 


Extensive  studies,  using  thermocouple  probes  with  response  compensa t ion ,  were  made 
in  an  unsuccessful  attempt  to  discover  the  illusive  "temperature  spottiness"  (thermal 
turbulence)  which  some  researchers  had  feared  would  make  testing  in  cryogenic  tunnels 
imposs ible . 


3.3.2  Cryogenic  isentropic  free  piston  expander 

The  cryogenic  isentropic  light  piston  tunnel  proposed  by  Stollery  and  Murthy^  has 
also  been  the  subject  of  study  at  Southampton  by  Hutt  and  East.  4  In  addition  to  their 
desire  to  test  the  feasibility  of  the  concept,  another  purpose  of  the  work  at 
Southampton  was  to  investigate  methods  of  measuring  temperature  during  the  relatively 
short  expansion  and  expulsion  phases  of  operation.  During  the  study,  two  charge  tubes 
were  built  and  tested.  Both  of  the  charge  tubes  were  used  in  conjunction  with  an 
"instrumentation  assembly"  which  allowed  various  temperature  measuring  devices  to  be 
tested . 

The  first  charge  tube  tested  had  a  length  to  diameter,  (i/d),  ratio  of  23  and  was 
not  able  to  achieve  cryogenic  conditions,  that  is,  temperatures  of  172  K  or  less,  with 
pressure  expansion  ratios  up  to  25:1.  The  lowest  temperature  achieved  with  the  first 
charge  tube  was  190  K.  The  second  charge  tube  had  an  i/d  of  0.22  and  could  successfully 
achieve  cryogenic  conditions  (i.e.,  172  K  or  less)  with  expansion  ratios  as  low  as  about 
10:1.  At  an  expansion  ratio  of  25:1,  temperatures  of  145  K  were  achieved. 

The  major  characteristics  of  the  Southampton  free  piston  expander  using  the 
l/d  =  0.22  charge  tube  are  given  in  Table  5.  The  instrumentation  assembly  was  vented  to 
the  atmosphere  through  a  3  mm  throat  diameter  sonic  nozzle  and  there  was  no  test 
section,  in  the  usual  sense,  ever  used  with  either  of  the  charge  tubes.  Therefore, 
certain  items  in  Table  5  are  left  blank. 

The  detailed  results  of  the 
studies  of  the  free  piston  expander 
by  Hutt  and  East  are  reported  in 
Reference  14.  A  major  accomplishment 
of  the  work  at  Southampton  is  that  it 
provided  the  first  demonstration  of 
the  CILPT  concept  of  Stollery  and 
Murthy  when  cryogenic  conditions  were 
first  achieved  on  March  1,  1979.  The 
work  at  Southampton  also  convincingly 
demonstrated  the  superiority  of 
charge  tubes  having  low  ratios  of 
l/d.  Based  on  their  work,  Hutt  and 
East  have  suggested  that  improved 
performance  of  an  isentropic 
expansion  device  could  be  achieved  if 
the  charge  tube  were  replaced  with  a 
spherical  pressure  vessel  and  the 
light  piston  replaced  with  a  flexible 
diaphragm . 


TABLE  5.-  Characteristics 

of  Cryogenic  Free-Piston 

Expander  at  Southampton  (England) 

Type . 

.  isentropic  expansion, 
light  piston 

Material  of  construction. 

.  mild  steel 

Insulation . 

.  none 

Cooling . 

.  isentropic  expansion 

Test  gas . 

.  nitrogen 

Charge  tube  pressure . 

.  5000  kPa  (5u  bars) 

Test  section  size  (h,w,l). 

Mach  range . 

Contraction  ratio . 

Stagnation  pressure . 

.  200  kPa 

Stagnation  temperature.... 

.  145  K 

Running  time . 

.  1.6s 

Max.  Reynolds  number. . . . . 

4 .  JAPAN 

It  is  somewhat  of  an  understatement  to  say  that  there  is  considerable  cryogenic 
wind  tunnel  activity  in  Japan.  In  May  of  1982,  I  visited  Japan  and  was  able  to  see 
irsthand  seve  ul  of  their  cryogenic  tunnels  and  meet  the  people  involved  with  their 
development.  I  also  was  able  to  discuss  with  represen ta t i ves  of  Japan  Steel  their 
considerable  involvement  in  the  U.S.  National  Transonic  Facility  by  supplying,  as  a  sub¬ 
contractor,  the  drive  shaft,  fan  disk,  and  sting  support  arc  sector.  It  was  obvious  to 
me  in  1982  that  Japan  had  more  than  a  passing  interest  in  the  development  and 
exploitation  of  cryogenic  wind  tunnels.  I  have  been  able  to  maintain  close  technical 
contact  with  ny  friends  in  Japan  who  have  very  kindly  provided  me  with  up-to-date 
information  or  the  various  cryogenic  tunnel  projects  described  in  this  section. 

4.1  National  Aerospace  Laboratory  ( NAl. ) 

Even  though  Japan  has  many  excellent  wind  tunnels,  particularly  at  U  j  National 
Aerospace  Laboratory  (NAL)  in  Tokyo,  aeronautical  researchers  in  Japan  have  long 
recognized  the  need  for  tur.nels  capable  of  testing  closer  to  flight  Reynolds  numbers, 
particularly  at  transonic  speeds.  As  a  first  step  toward  meeting  this  need,  a  high 
Reynolds  'umber  transonic  tunnel  based  on  high  pressure  operation  at  ambient  temperature 
was  completed  at  NAL  in  1979.  This  wind  tunnel,  which  has  a  0.3  x  1.0  m  two-dimensional 
test  section,  can  test  airfoils  at  Reynolds  numbers  up  to  40  mi ' 1 ion . 15 • i6  However,  in 
order  to  meet  the  high  Reynolds  number  testing  requirements  for  three-dimensional 
tenting  at  transonic  speeds,  it  is  generally  recognized  that  a  relatively  large  wind 
tunnel  capable  of  cryogenic  operation  is  required.  7  There  is,  therefore,  considerable 
interest  and  activity  in  cryogenic  wind  tunnels  at  NAL. 

A  small  pilot  transonic  cryogenic  tunnel  was  built  in  1982  and  is  being  used  by 
researchers  at  NAL  to  provide  operational  experience  and  support  for  design  studies  of  a 
Larger  transonic  cryogenic  tunnel  for  Japan. 


4.1.1  0.1  x  0.1  m  Pilot  Transonic  Cryogenic  Tunnel 

The  0.1  x  0.1  m  Pilot  Transonic  Cryogenic  Tunnel  at  NAL  was  designed  and  built  by 
Ish ikawa j ima-Har ima  Heavy  Industries  Co.,  Ltd.  (IHI),  a  company  which  has  been  the 
qeneral  contractor  for  all  of  the  cryogenic  wind  tunnels  built  in  Japan, 

The  major  characteristics  of  the  NAL  0.1  x  0.1  m  Pilot  Transonic  Cryogenic  Tunnel 
are  given  in  Table  6.  A  general  view  of  this  tunnel  is  shown  in  Figure  6. 


The  pressure  shell  is  welded  from 
5  mm  thick  plates  of  A5052  aluminum 
alloy  with  flanged  and  bolted  joints. 
The  shell  is  fixed  at  the  fan  section 
and  allowed  to  slide  on  1  cm  thick 
teflon  pads  at  other  support  points 
to  accommodate  thermal  expansion  and 
contraction.  A  photograph  of  the 
tunnel  taken  before  it  was  insulated 
is  shown  in  Figure  7. 

The  10  cm  thick  thermal 
insulation  for  the  tunnel  consists  of 
four  layers  of  glass  wool  applied  to 
the  outside  of  the  tunnel.  The  glass 
wool  insulation  is  covered  with  a 
sheet  metal  vapor  barrier  and  is 
purged  with  dry  nitrogen.  This 
insulation  has  proven  to  be  satis¬ 
factory  from  the  thermal  point  of 
view.  However,  the  glass  wool  has 
proven  to  be  highly  irritating  to  the 
skin  of  the  tunnel  technicians  and  is 
being  replaced  with  a  less  irritating 
insulation. 

Liquid  nitrogen  is  supplied  to 
the  tunnel  from  a  2.17  m3  storage  tank 
placed  outside  the  building  housing 
the  tunnel  but  still  relatively  near 
the  tunnel.  Rather  than  use  a  pump, 
the  liquid  nitrogen  is  simply  forced 
into  the  tunnel  by  increasing  the 
pressure  in  the  storage  tank  using 
a  pressurization  coil. 

Liquid  nitrogen  at  rates  up  to  20 
litres  per  minute  is  injected  through 
four  spray  nozzles  installed  between 
the  first  and  second  corners.  The 
flow  rate  is  controlled  by  a  manually 
operated  valve  and  measured  using  a 
turbine  type  flowmeter.  Two  6-cm 
diameter  glass  windows  are  fitted 
at  the  injection  station  to  allow 
observation  of  the  injection  process. 

Gaseous  nitrogen  is  exhausted 
from  the  tunnel  between  the  third 
and  fourth  corners.  In  a  design 
similar  to  the  0.3-m  TCT  at  Langley, 
three  exhaust  pipes  come  from  the 
tunnel  at  120°  intervals  in  order  to 
minimize  disturbances.  A  remotely 
controlled  pneumatic  valve  is  used, 
at  times  in  combination  with  a 
manually  controlled  valve,  to  control 
the  exhaust  flow  rate  over  a  wide 
range.  The  exhaust  is  dumped  directly 
to  the  atmosphere  through  a  single  un¬ 
insulated  18-8  stainless  steel  pipe. 


TABLE  6.-  Characteristics 

of  Pilot  Transonic 

Cryogenic  Tunnel  at 

HAL  (Japan) 

Type . 

closed  circuit,  fan 

Material  of  construction. . . 

A5052  Al-alloy 

Insulation . 

external ,  purged 

Cooling . 

liquid  nitrogen 

Test  gas . 

nitrogen 

Test  section  size  (h,w,l).. 

0.1  x  0.1  x  0.3  m 

Mach  range . 

up  to  1.02 

Contraction  ratio. . . 

18.1:1 

Stagnation  pressure . 

200  kPa 

Stagnation  temperature . 

90  K  -  ambient 

Running  time . 

more  than  2  hours 

Max.  Reynolds  number/m . 

130  million 

Drive  motor . 

55  kW 

Fan  speed . 

600  -  5700  rpm 

LN2  tank  volume . 

2.17  m3 

Fig . 


Sketch  of  NAL  0.1  x  0.1  m  tunnel. 


Fig.  7 


Photograph  of  un-insulated 
NAL  0.1  x  0.1  m  tunnel. 


A  55  kW  squirrel  cage  induction  motor  with  variable  frequency  speed  control  drives 
a  two-stage  fixed-geometry  fan  with  12  blades.  The  motor,  which  is  external  to  the 
tunnel,  is  capable  of  operating  at  speeds  from  600  to  6000  rpm.  However,  operation  is 
presently  limited  to  speeds  below  5700  rpm  due  to  the  excitation  of  resonance  in  the 
drive  shaft. 

The  fan  bearing  inside  the  tunnel  was  initially  fitted  with  a  0.5  kW  heater. 
However,  the  position  of  the  heater  was  not  appropriate  and  the  power  was  inadequate,  a 
combination  of  circumstances  which  resulted  in  some  serious  problems  due  to  dimensional 
changes  and  freezing  of  the  lubricating  oil.  These  problems  have  been  solved  by  fitting 
the  fan  bearing  with  a  1  kW  electric  heater. 
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Two  screens  of  10-mesh  are  installed  ahead  of  the  contraction  section  which  has  a 
very  respectable  18.1:1  ratio.  The  test  section  is  enclosed  in  a  0.52  m  internal 
diameter  pLenur.i  chamber.  The  top  and  bottom  walls  of  the  test  section  are  perforated 
with  an  open-area  ratio  of  20  percent.  Adjustable  reentry  flaps  are  used  to  control 
the  amount  of  diffuser  suction.  Access  to  the  test  section  is  provided  by  moving  the 
plenum  chamber  shell  telescopically  downstream  after  the  thermal  insulation  in  the  test 
section  area  has  been  removed. 

Stagnation  and  plenum  pressures  are  measured  by  strain-gage  type  pressure 
transducers.  Total  temperature  is  measured  by  a  resistance  thermometer  and  the  shell 
temperature  at  various  stations  is  measured  using  copper-cons  tan tan  thermocouples. 

These  plant  it ies,  along  with  motor  speed,  liquid  nitrogen  flow  rate,  and  dew  point 
t*srpet uture  of  the  gas  in  the  tunnel,  are  recorded  using  a  data  logger  and  a  dedicated 
m 1 crocompu ter . 

A  wide  variety  of  operational  tests  have  been  made  in  the  0.1  x  0.1  m  pilot  tunnel. 
Tlie  typical  purging,  cool  down,  running,  and  warmup  sequences  have  been  performed  using 
the  presently  installed  manual  control  systems  Cor  LN->  injection,  GN2  exhaust,  and  fan 
speed.  because  of  the  manual  control,  changing  from  one  set  of  test  conditions  to 
another  normally  takes  from  5  to  10  minutes. 

The  operating  envelope  of  the  tunnel  has  been  explored  with  particular  emphasis  on 
temperatures  between  95  and  125  K.  Tunnel  character ist  ics  such  as  power  factor  and 
transient  responses  to  changes  in  fan  speed  and  LN2  flow  rate  have  been  determined.  In 
all  respects,  the  tunnel  performs  satisfactorily  and  as  predicted. 

Future  plans  for  the  0.1  x  0.1  m  tunnel  include  automation  of  the  tunnel  controls 
for  LN2  injection,  making  a  detailed  study  of  the  characteristics  of  the  tunnel  over  the 
entire  operating  envelope,  and  performing  aerodynamic  tests  on  some  simple  shapes. 

4.1.2  0.6  x  0.6  m  Transonic  Cryogenic  Tunnel 


Based  on  their  highly 
successful  experience  to  date  with 
the  0.1  x  0.1  m  Pilot  Transonic 
Cryogenic  Tunnel,  the  researchers 
at  NAL  are  studying  a  fan-driven 
transonic  cryogenic  tunnel  having 
the  character ist ics  given  in  Table  7. 
The  minimum  test  section  size  being 
considered  for  this  tunnel  would  be 
0.6  x  0.6  m  with  a  larger  test 
section  likely  in  order  to  permit 
greater  detail  in  the  models. 

However,  even  at  the  minimum  size, 
the  relatively  high  operating 
pressure  gives  a  Reynolds  number 
of  20  million  based  on  0.06  m. 


4.2  University  of  Tsukuba 


The  Institute  of  Engineering  Mechanics  at  the  University  of  Tsukuba,  Sakura, 
Ibaraki,  Japan,  has  two  low-speed  cryogenic  wind  tunnels.  One  has  a  0.1  x  0.1  m  test 
section  and  the  other  a  0.5  x  0.5  m  test  section. 

4.2.1  0.1  x  0.1  ra  Low-Speed  <  cyogenic  Tunnel 

The  0.1  x  0.1  m  low-speed  cryogenic  tunnel  was  first  operated  at  cryogenic 
conditions  in  1980.  It  has  been  used  mainly  for  research  by  graduate  students,  for  the 
calibration  of  sensors,  and  to 
provide  operational  experience  with 
cryogenic  tunnels.  In  addition,  it 
furnished  valuable  design 
information  needed  for  the  larger 
low- speed  tunnel. 

Because  of  the  relatively  small 
size  of  this  tunnel,  it  is  unlikely  to 
be  used  in  the  future  for  much  serious 
aerodynamic  research,  especially  since 
a  much  larger  and  more  sophisticated 
low-speed  tunnel,  described  in  the 
following  section,  ls  now  available 
for  the  researcher?;  at  Tsukuba. 

A  photograph  of  the  0.1  x  0.1  m 
low-speed  tunnel  at  Tsukuba  is  shown 
in  Figure  8.  In  this  view,  the  flow 
is  counterclockwise.  LN2  is  injected 
into  the  high  speed  diffuser  at  the 
upper  left  and  the  GN2  exhaust  taken 
from  the  cross  leg  at  the  right. 


Fig.  8  Photograph  of  0.1  x  0.1  m 

low-speed  tunnel  at  Tsukuba. 


table  7.-  Characteristics  of  Transonic  Cryogenic 
Tunnel  under  study  at  NAL  (Japan) 

Material  of  construction. 
Insulation . 

.  (to  be  determined) 

.  (to  be  determined) 

Test  gas . 

Test  section  size  (h,v,l) 

.  nitrogen 
.  0.6  x  0.6  x  2  m 
(minimum) 

Stagnation  pressure . 

Stagnation  temperature,.. 

.  500  kPa 

(possibly  800  kpa) 

.  100  K  -  ambient 

Max.  Reynolds  number/m. . . 

.  333  million 

Fan  speed . 

.  up  to  1200  rpm 

* 

The  basic  specifications  for  the 
0.1  x  0.1  m  low-speed  cryogenic  tunnel 
at  Tsukuba  are  qiven  in  Table  8. 

A. 2. 2  0.5  x  0.5  m  Cryogenic  Tunnel 


The  general  contractor  for  the 
0.5  x  0.5  m  low-speed  cryogenic  tunnel 
at  Tsukuba  was  Ishikawa j ima-Har ima  Heavy 
Industries  (IHI).  This  tunnel  is  unique 
among  pressurized  continuous-flow 
cryogenic  tunnels  in  that,  except  for 
the  fan  portion  of  the  tunnel,  the 
pressure  shell  is  made  of  mild  steel. 

This  departure  from  convention  was 
prompted,  at  least  in  part,  by  the 
existence  of  an  internal  insulation 
system  based  on  a  flexible  foam  material 
which  had  been  used  successfully  to 
insulate  liquefied  gas  containers. 

As  noted  in  Reference  19,  the  use  of  an  internal  insulation  offers  several 
advantages  over  external  insulation.  In  general,  the  advantages  include: 

(1)  savings  in  coolant  due  to  less  thermal  mass 

(2)  shorter  times  for  cool  down  and  warmup 

(3)  freedom  from  problems  caused  by  condensat ion  ot  moisture  or  liquid  oxygen  within 
the  insulation  due  to  the  pressure  shell  actin';  as  the  vapor  barrier 

(4)  avoidance  of  problems  associated  with  thermally  induced  changes  in  dimensions  of 
the  tunnel 

(5)  possible  noise  attenuation 

In  addition  to  using  the  flexible  foam  system  to  insulate  the  tunnel,  the  10  m^ 
concrete  LN^  storage  tank  used  for  the  0.5  x  0.5  m  low-speed  tunnel  is  also  internally 
insulated  with  S-foam. 

The  internal  foam  insulation  has  been  used  in  the  0.5  x  0.5  m  tunnel  at  Tsukuba 
since  1982.  However,  various  problems  have  been  experienced  which  have  necessitated 
frequent  repairs.  Consequently,  the  internal  foam  insulation  is  now  being  removed  ar  1 
replaced  with  a  different  insulation. 

It  was  soon  discovered  that  the  10  m^  concrete  storage  tank  could  not  be 
pressurized  sufficiently  to  provide  a  net  positive  suction  head  for  the  LN2  pump  at  low 
head  pressures.  This  resulted  in  a  relatively  large  amount  of  LN2  being  wasted  since  it 
could  not  be  pumped  into  the  tunnel.  Consequen t ly ,  the  10  m3  concrete  tank  is  being 
replaced  with  a  20  m^  stainless  steel  storage  tank  which  can  be  pressurized. 

These  modifications  are  under  way  at  the  time  of  this  writing  and  are  expected  to  be 
complete  by  the  end  of  April,  1985. 
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TABLE  8.-  Characteristics  of  0.1  x  o.i  m 

Low-Speed  Cryogenic  Tunnel 

at  Tsukuba  (Japan) 

Type . 

closed  circuit,  fan  j 

Material  of  construction. . . 

stainless  steel 

Insulation . 

external  j 

Cooling . 

liquid  nitrogen 

Test  gas . 

nitrogen 

Test  section  size  (h,w,l).. 

0.1  x  0.1  x  0.3  m 

Speed  range . 

up  to  30  m/a 

Contraction  ratio . 

3.41:1 

Stagnation  pressure . 

up  to  203  kPa 

Stagnation  temperature 

100  K  -  ambient 

Running  time . 

up  to  2  hours 

Max.  Reynolds  number/m . 

30  million 

Drive  motor . 

2.2  kW 

Fan  speed . 

1500  -  4300  rpm 

LN  tank  volume . . 

175  litre 

A  sketch  of  the  0.5  x  0.5  m  low- 
speed  tunnel  is  shown  in  Figure  9. 

The  basic  specifications  for  this 
tunnel  are  given  in  Table  9. 

Taking  advantage  of  the  very 
wide  range  of  Reynolds  number 
available,  the  0.5  x  0.5  m  low-speed 
tunnel  has  been  used  with  a  50  mm 
diameter  circular  cylinder  model 
having  a  relative  roughness,  ks/D, 
of  10“  .  Pressure  distributions  and 
vortex  shedding  were  measured  from 
suberitical  to  transcr i t ical 
Reynolds  numbers  (10^  to  10')  and 
Mach  Numbers  up  to  0.3  without 
changing  the  experimental  arrange¬ 
ment.  Drag  coefficients  were 
calculated  using  the  measured  pressure 
distributions.0,21 

Future  experiments  will  also 
take  advantage  of  the  wide  range  of 
Reynolds  number  available  in  the 
0.5  x  0.5  m  tunnel.  These  include 
determining  the  effect  of  surface 
roughness  as  well  as  a  splitter  plate 
on  the  drag  and  vortex  shedding  of  the 
circular  cylinder,  and  determining  the 
regularity  of  the  vortex  shedding  from 
a  square  cylinder  in  the  flow. 


Fig.  9  Sketch  of  0.5  x  0.5  m  low-speed 
cryogenic  tunnel  at  Tsukuba. 


TXBLE  9.-  Characteristics 

Of  0.»  x  0.5  n 

Cryogenic  Low-Speed  Tunnel 

at  Teukuba  (Japan) 

Typ. . 

closec  circuit. 

fan 

Material  of  conetruct.on . 

most lv  mild  steel 

Insulation . 

internal 

cooling . 

liquid  nitrogen 

Test  gas . 

nitrogen 

Test  section  size  (h,v,l).... 

0.5  X  0.5  X  1.2 

m 

speed  range . 

7-65  e/e 

Mach  range . 

up  to  0.30 

Contraction  ratio . 

6.12:1 

stagnation  pressure . 

122  -  810  kPa 

stagnation  temperature . 

118  K  -  ambient 

Running  time . 

30  min.  at  max. 

R 

Max.  Reynolds  number/* . 

200  million 

Drive  motor . 

450  k» 

Fan  speed . 

150  r  1500  rpm 

LN  tank  volume . 

20  »* 

4.3  National  Defense  Academy  ( NDA ) 


A  cryogenic  tunnel  is  bointj 
built  for  the  Department  of 
Aeronautical  Kny  ineer  1  ng  ot  th*.* 
Japanese  National  Defense  Ac  idem/, 
Yokosuka,  Japan.  The  NDA  cryogenic 
tunnel  is  to  bo  known  as  the  High 
Reynolds  Number  Flow  Facility  and 
will  be  useo  for  basic  studies  by 
researchers  at  the  Academv. 

The  basic  specifications  for  the 
NDA  tunnel  are  given  in  Table  10.  A 
sketch  ot  the  NDA  tunnel  is  shown  in 
F  icjure  9.  The  sketch  is  .»  side  view 
which  clearly  shows  the  centiitugal 
compressor  at  the  right.  The  plenum 
is  mounted  on  a  trolley  which  is  moved 
*o  the  right  to  allow  access  to  the 
test  section. 


TABLE  10.-  Characteristics  of  Cryogenic 
Tunnel  at  NDA  (Japan) 

Type .  closed  circuit, 

centrifugal  compressor 

Material  of  construction...  ? 

Insulation .  external 

Cooling .  liquid  nitrogen 

Test  gas .  nitrogen 

Test  section  size  (h,v,l)..  0.06  x  0.30  x  l.n  m 

Speed  range .  up  to  157  m/s 

Mach  range . .  up  to  0.80 

Contraction  ratio .  14:1 

Stagnation  pressure .  up  to  177  kPa 

Stagnation  temperature .  106  K  -  ambient 

Running  time .  up  to  30  or  40  min 

Max.  Reynolds  number/m .  90  million 

Drive  motor .  75  kW 

LN2  tank  volume .  5  m3 


Ish ikawa j ima-Har ima  Heavy 
Industries  (IHI)  has  been  selected  as 
the  contractor  for  the  NDA  tunnel. 

The  contra  t  calls  for  the  tunnel  to 
be  delivered  to  NDA  in  March  of  1985. 

The  NDA  tunnel  is  being  designed 
with  30-cm  diameter  optical  observa¬ 
tion  windows  to  allow  for  flow  visual¬ 
ization.  Interest  has  been  shown  by 
Professor  Yamayuchi  and  h-s  associates 
in  fitting  their  cryogenic  tunnel  with 
a  magnetic  suspension  and  balance 
system. 


Test  Section/Plenum  —j  Centrifugal  Compressor  ^ 


Fig.  ID  'ketch  of  0.06  x  0.30  m 
cryogenic  tunnel  at  NDA. 


5.  SWEDEN 


An  innovative  cryogenic  tunnel  concept  is  being  studied  by  Ne 
colleagues  at  Aktiebolaget  Rollab  in  Sweden.  2  Shown  in  F  iure  11 
components  of  a  cryogenic  wind  tunnel  based  on  this  new  concept. 


Nelander  and  his 
11  are  the  principal 


The  main  idea  behind  the  concept  is 
the  use  of  a  turbine,  fed  from  high- 
pressure  air  storage,  to  drive  the  fan 
in  a  tunnel  with  a  return  circuit.  The 
temperature  rise  in  the  tunnel  due  to 
the  fan  is  balanced  by  introducing  the 
outlet  air  from  th  turbine  into  the 
tunnel  circuit.  This  air,  of  course, 
has  been  cooled  in  the  process  of 
expanding  through  the  turbine.  The  same 
amount  of  air  introduced  into  the  tunnel 
circuit  from  the  turbine  is  dumped  from 
tie  tunnel  through  a  heat  exchanger  to 
the  atmosphere  or  to  a  vacuum  tank, 
depending  on  the  desired  tunnel 
operating  pressure.  As  can  be  seen  in 
Figure  11,  the  air  from  the  high- 
pressure  storage  passes  through  the  heat 
exchanger  and  is  thus  cooled  before  it 
passes  through  the  turbine. 

As  an  example  of  the  application 
of  this  concept,  Nelander  has 
considered  a  transonic  tunnel  having 
the  characteristics  given  in  Table  11. 

The  compressed  air  storage 
envisioned  for  such  a  tunnel  would 
contain  36  x  10^  kg  of  air  at  12  MPa. 

The  power  demand  on  the  compressor 
plant  would  be  on  the  order  of  6  MW. 

Details  of  the  operating 
principal  of  this  new  approach  to 
cryogenic  tunnels  as  well  as  a 
discussion  of  the  thermodynamic 
process  are  given  in  References  22 
and  23.  1 


High  Pressure 


11  High  Reynolds  number  transonic 
wind  tunnel  based  on  a  new 
cryogenic  cycle.  (Ref.  221 


TABLE  11.-  Characteristics  of  Transonic  Cryogenic 
Tunnel  under  study  at  Rollab  (Sweden) 

Type .  closed  circuit, 

intermittent 

Material  of  construction...  ? 

Insulation .  ? 

Cooling .  pre-cooled  air  expanded 

through  turbine 

Test  gas .  air 

Test  section  size  (h,w,l)..  2.0  x  2.0  x  ?  m 

Mach  range .  up  to  1.4 

Contraction  ratio .  ? 

Stagnation  pressure .  50  -  2  50  kPa 

Stagnation  temperature .  140  -  200  K 

Running  time .  at  least  30  s 

Frequency  of  runs .  8  times  per  day 

Max.  Reynolds  numbsr/m .  105  million 


J 


Also  contained  in  Reference  22  is 
an  economic  study  comparing  this  quasi- 
continuous  tunnel  to  both  continuous 
and  blowdown  tunnels  cooled  with 
liquid  nitrogen.  Some  of  the  results 
of  the  economic  study  are  shown  in 
Picture  12.  As  can  be  seen,  the  quasi- 
continuous  tunnel  offers  significant 
savings  in  operating  costs  relative  to 
the  other  concepts. 

As  noted  in  Reference  22,  this 
entirely  new  quasi-continuous  cryo¬ 
genic  tunnel  concept  combines  the 
advantage  of  low  power  demand  and 
operational  flexibility  of  a  blowdown 
tunnel  with  the  high  efficiency  and 
long  testing  times  of  a  continuous- 
flow  tunnel.  Therefore,  this  new  type 
of  cryogenic  tunnel  hould,  foL  a  number 
alternative  to  eitheL  blowdown  or  contin 
transonic  tunnel.  At  this  stage  in  thei 
objections  to  the  theory  have  been  found 
solvable . 


Op  CT  =  Continuous  Tunnel 

QCT  =  Quasi  -  Continuous  Tunnel 
BDT  =  Blow-Down  Tunnel  /iCT  ^  = 


RunTime  CT  and  QCT  1000s 
Run  Time  BDT  100s 

I  Po  t  t  =  Tunnel  Efficiency  Factor 

100  200  300  400  600  p0  =  Stagnation  Pressure 

-i - 1 - 1 - 1 - 1 - 1 - 1  T0  =  120K 

0  10  20  30  40  50  60  70  M  =  1.0 

R.  million  R  Based  on  0. 1/S  S  =  4m2 

Fig.  12  Cost  comparison  between  three  cryo¬ 
genic  wind  tunnel  concepts.  (Ref.  221 

of  applications,  provide  an  attractive 
uous  fan-drive  for  a  high  Reynolds  number 
r  study  of  this  new  tunnel  concept,  no 

nd  all  of  the  practical  problems  seem  to  be 


6.  UNITED  STATES 

6.1  Douglas  Aircraft  Company 

The  Doug  -as  Aircraft  Company,  Long  Beach,  Cal'ifornia,  has  modified  existing  1-ft 
and  4-ft  transonic  blowdown  tunnels  for  cryogenic  operation.  A  description  of  some  of 
the  modifications  to  the  tunnels  required  for  cryogenic  operation  is  given  in 
Reference  24. 


The  concept  of  a  blowdown-to- 
atmosphere  cryogenic  wind  tunnel  was 
successfully  proven  when  the  Douglas 
1-ft  tunnel  was  first  operated  at 
cryogenic  temperatures  on  May  20, 

1977.  The  successful  cryogenic 
operation  of  the  Douglas  1-ft  t jnnel 
led  to  approval  to  proceed  with  the 
program  to  modify  the  Douglas  4-ft 
tunnel  for  cryogenic  operation. 

The  1-ft  tunnel  was  subsequently 
used  for  a  series  of  tests  to 
determine  the  effect  of  nonadiabatic 
model  wall  conditions  on  supercritical 
airfoil  characteristics.  Serious 
effects  were  demonstrated  with  only 
small  deviations  from  adiabatic 
conditions  at  test  conditions  critical 
to  the  transonic  transport  designer.  ^ 


Variable  Doors 


Fig.  13  Sketch  of  Douglas  4-ft  Cryogenic 
Wind  Tunnel  (4-CWT).  (Ref.  24] 


Capable  of  achieving 
Reynolds  numbers  in  excess  of 
200  million  per  metre  (60 
mil  Lion  per  foot),  the  4-CWT 
was  calibrated  and  success¬ 
fully  operated  at  cryogenic 
temperatures  in  1980-81. 
However,  the  project  was 
terminated,  primarily  because 
of  the  prohibitive  cost  of 
providing  a  system  for  model 
thermal  conditioning  to  the 
strict  tolerances  required. 


A  sketch  of  the  Douglas 
4-ft  Cryogenic  Wind  Tunnel 
( 4-CWT)  is  shown  in  Figure  13. 

The  basic  specifications  for 
the  Douglas  4-ft  Cryogenic 
Wind  Tunnel  were  as  given 
in  Table  12. 

6.2  University  of  Illinois  at  Urbana-Champaign 

A  low-speed  fan-driven  cryogenic  tunnel  has  been  built  by  Clausing  and  co-workers 
in  the  Department  of  Mechanical  and  Industrial  Engineering  at  the  Univ  :sity  of  Illinois 


TABLE  12.-  Characteristics  of  4-ft  Cryogenic 
Wind  Tunnel  (4-CWT)  at  Douglas  (USA) 


Type . 

Material  of  construction... 

Insulation . 

Cooling . 

Test  gas . . . 

Test  section  size  (h,w,l).. 

Mach  range . 

Contraction  ratio . 

stagnation  pressure . 

Stagnation  temperature . 

Running  time . 

Max.  Reynolds  number/m. . . . . 
LN^  tank  volume . 


blowdown 

mostly  mild  steel; 

stainless  inje  tion  chamber 

internal 

liquid  nitrogen 

air  +  nitrogen 

1.2  x  1.2  x  3.7  m 

0.5  -  1.2 

7.8:1 

170  -  480  kPa 

100  K  -  ambient 

45  s  at  R/ra  -  135  million; 

30  s  at  R/m  *  200  million 

200  million 

151  m3 


jt  Urbana-Champaign  (UIUC)  and  extensively  used  for  studies  of  forced,  natural,  and 
combined  convective  heat  transfer  under  conditions  requiring  very  large  values  of  both 
Reynolds  number  and  Grashof  number. 


The  building  *’  the  cryogenic  tunnel  at  UIUC  was  prompted  by  the  need  to  accurately 
predict  combined  convective  losses  from  large,  high  temperature  objects  such  as  solar 
"power  tower"  receivers  where  the  magnitudes  of  both  the  Grashof  and  Reynolds  numbers 
are  large.  Clausing  and  his  co-workers  proposed  that  a  cryogenic  heat  transfer  tu.inel 
be  used  to  provide  an  economical  method  of  obtaining  the  required  large  values  of 
Grashof  and  Reynolds  numbers  with  an  appropriate  and  near  constant  Prandtl  number.^6 


The  variations  of  Grashof  number  and 
in  Figure  14.  As  noted  in  Reference  26, 
cryogenic  temperatures  is  a  good  way  to 
out a  in  higher  Reynolds  numbers  but  an 
even  better  way  of  obtaining  higher 
Grashof  numbers.  Furthermore,  the 
cryogenic  environment  virtually 
eliminates  the  influx  ce  of  radiative 
heat  transter  which  often  causes  large 
errors  in  natural  convection  data 
obtained  in  conventional  facilities.  ' 
Both  the  theory  and  advantages  of  the 
cryogenic  heat  transfer  tunnel  have 
been  extensively  reported^ '* and 
will  not  be  included  herein. 

The  basic  specifications  for  the 
l. '  UC  cryogenic  heat  transfer  tunnel 
i  *»  given  in  Table  13. 


Temperature  K 


Reynolds  number  with  temperature  are  shown 
and  as  can  be  seen  in  Figure  14,  the  use  of 


TABLE  13.-  Characteristics 
Transfer  Tunnel  at 

of  Cryogenic  Heat 

UIUC  (USA) 

Type . 

Material  of  construction... 

closed  circuit,  fan 
mostly  aluminum 
external,  urethane 
LNjheat  exchanger 
with  GNa injection 
nitrogen 

1.22  x  0.60  x  1.0  m 
0-8  m/s 

Cooling . 

Test  gas . 

Test  section  size  (h,w,l).. 
Speed  range . 

Stagnation  pressure . 

Stagnation  temperature . 

Running  time . 

Max.  Reynolds  number/m . 

atmospheric 

80  -  300  K 
several  minutes 

4  million 

11.2  kW 

0  -  1750  rpm 

Fan  speed . 

Fig.  14  Effect  of  temperature  on 

Grashof  and  Reynolds  number. 
[ Re  f .  26| 


Fig.  15  Cross-sectional  view  of 
UIUC  Cryogenic  Facility. 
{Ref.  26] 


A  sketch  of  the  UIUC  Cryogenic  Facility  is  shown  in  Figure  15.  The  tunnel  is 
cooled  by  passing  liquid  nitrogen  through  a  heat  exchanger/vaporizer  located  just 
downstream  of  twin  drive  fans.  The  resultant  gaseous  nitrogen  from  the  heat 
exchanger/vaporizer  is  vented  into  the  tunnel  circuit.  In  this  way,  any  problems  that 
might  arise  from  incomplete  evaporation  of  liquid  nitrogen  using  direct  injection  are 
very  effectively  avoided.  During  operation,  a  slight  overpressure  is  maintained  in  the 
tunnel  to  prevent  infiltration  of  room  air.  A  complete  description  of  the  UIUC 
Cryogenic  Facility  is  given  in  Reference  29. 


The  UIUC  Cryogenic  Facility  has  been 
an  extremely  successful  application  of  the 
cryogenic  tunnel  concept.  Since  first 
operated  on  Aug.  17,  1978,  it  has  been 
extensively  used  for  forced,  natural,  and 
combined  convective  heat  transfer 
research.30'33  Perhaps  the  most 
impressive  application  of  this  facility 
has  been  its  use  to  determine  combined 
natural  and  forced  convective  heat 
transfer  characteristics  of  the  10  MW 
facility  "Solar  One"  in  Barstow, 
California,  shown  in  Figure  16.  The 
ability  to  make  such  measurements  ir.  a 
relatively  small  cryogenic  wind  tunnel 
provides  dramatic  demonstrat ion  of  the 
usefulness  of  the  simulation  laws  and  the 
ingenuity  of  researchers  to  take  advantage 
of  emerging  technology  to  solve  long¬ 
standing  problems. 


Fig.  16  10  MW  "Solar  One"  at  Barstow,  Calif. 


6.3  NASA  Langley 


The  cryogenic  wind  tunnel  concept  was  first  demonstrated  with  the  construction  and 
successful  operation  of  an  atmospheric  low-speed  tunnel  at  the  NASA  Langley  Research 
Center  in  January  1972.  ^  The  La no  ley  low-speed  cryogenic  tunnel  started  its  life  as  an 
abandoned  1/24-scale  model  of  the  Langley  V/STOL  tunnel.  It  was  therefore  typical  of 
modern  low  speed  wind  tunnels  in  its  aerodynamic  design  and  required  relatively  minor 
modifications  for  cryoger  ic  operation.  The  first  true  cryogenic  operation,  that  is, 
stagnation  temperature  less  than  about  172  K  (-150°F),  was  on  January  31,  19"’2,  when  a 
temperature  of  133  K  (-220°F)  was  achieved  at  12:05  pm. 

Although  the  Langley  low-speed  cryogenic  tunnel  no  longer  exists  as  a  cryogenic 
tunnel,  having  been  re-converted  to  an  ambient  temperature  tunnel,  it  is  briefly 
described  herein  for  several  reasons. 

First,  this  low-speed  tunnel  is 
typical  in  both  layout  and  operating 
principle  to  the  majority  of  cryogenic 
tunnels  which  have  been  built  or 
proposed.  Secondly,  it  is  a  tunnel  of 
considerable  historical  significance, 
having  demonstrated  the  validity  of 
the  cryogenic  wind  tunnel  concept 
and  served  as  the  *  _s  t  bed  for  the 
development  of  operational  procedures 
and  testing  techniques.  Finally, 
the  low-speed  tunnel  is  described 
in  order  to  demonstrate  that  not 
all  cryogenic  wind  tunnels  must  be 
expensive  and  complex.  A  sketch 
of  this  historic  tunnel  is  shown 
in  Figure  17. 


Fig.  17 


Sketch  of  Langley  low-speed 
cryogenic  wind  tunnel.  [Ref.  331 


The  basic  specifications  and 
operational  character ist ics  for  the 
Langley  low-speed  cryogenic  tunnel 
wore  as  given  in  Table  !4. 

The  low-speed  tunnel  was  cooled 
and  the  heat  of  compression  added  by 
the  fan  was  removed  by  spraying  liquid 
nitrogen  directly  into  the  tunnel 
circuit  in  either  of  the  two  locations 
shown  in  Figure  17. 


TABI~  14.-  Characteristics  of  the  Low-Speed 

Cryogenic  Tunnel  at  NASA  -  Langley  (USA) 

Type . 

.  closed  circuit,  fan 

Material  of  construction. . 

.  mostly  plywood 
and  plastic 

Insulation . 

.  external 

Cooling . 

.  liquid  nitrogen 

Test  gas . 

nitrogen 

Test  eection  site  (h,w,l). 

17.8  x  27.9  X  63.5  cm 

Speed  range . 

.  up  to  50  m/e 

Mach  range . 

.  up  to  0.14 

Contraction  ratio . 

9:1 

Stagnation  pressure . 

atmospheric 

Stagnation  temperature. . . . 

80  -  333  K 

Running  time . 

typically  1  hour 

Max.  Reynolds  number/m. . . . 

20  million 

Drive  motor . 

7.4  kW 

Fan  speed . 

up  to  3500  rpra 

LN  tank  volume . 

1.14  m3 

The  rate  of  cooling  was  such 
that,  for  example,  a  temperature  of 
116  K  could  be  stabilized  within  10 
minutes  of  the  initiation  of  cooling 
from  room  temperature.  The  tunnel  was 
operated  at  temperatures  from  333  K 
to  80  K.  Approximately  40  hours  of 
tunnel  operation  was  at  cryogenic 
temperatures,  that  is,  below  172  K. 

At  a  reference  station  in  the  test  section,  the  test  temperature  was  held  to  within 
about  ±1  K  by  automatic  on-off  control  of  one  or  more  of  the  liquid  nitrogen  injection 
nozzles.  Much  closer  temperature  control  was  achieved  by  injecting  a  slight  excess 
amount  of  liquid  nitrogen  and  establishing  temperature  equilibrium  at  the  desired  test 
temperature  by  manually  modulating  the  heat  input  from  a  simple  wire-grid  electric 
heater  built  into  the  low-speed  end  of  the  tunnel.  Using  this  technique,  test 
temperature  could  be  held  to  within  about  ±0.2  K. 


Since  the  basic  tunnel  circuit  was  already  built,  the  low-speed  tunnel  project  was 
a  very  Low-budget  research  effort.  The  cost  of  materials  used  to  modify  and  insulate 
the  tunnel  circuit  was  less  than  $2000  (1971-1972).  Materials  of  construction  included 
wood,  plywood,  plexiglas,  mild  and  stainless  steels,  aluminum,  brass,  copper,  and 
fiberglass  reinforced  plastic.  The  fan  blades  were  made  of  laminated  wood. 


Viewing  ports  were  provided  to  allow  inspection  of  key  areas  of  the  tunnel  circuit 
including  the  test  section,  spray  zones,  corner  vanes,  screen  section,  and  contraction 
sect  . on.  The  viewing  ports  consisted  of  either  3  or  4  layers  of  plexiglas  separated  by 
air  gaps.  Thermal  insulation  for  the  remainder  of  the  tunnel  circuit  was  a  7.6  to 
10.2  cm  Layer  of  expanded  polystyrene  applied  to  the  outside  of  the  tunnel  with  a 
t  .  0 ’ 27  cm  polyethylene  vapor  barrier  on  the  outside. 

Considerable  time  was  devoted  to  measuring  the  temperature  distribution  around  the 
tunnel  circuit  since,  in  the  early  stages  of  the  project,  one  of  the  main  concerns  was 
finding  an  efficient  yet  simple  way  to  cool  the  *  nnel  and  still  have  temperature 
uniformity,  in  both  time  and  space,  within  the  test  section. 


Once  adequate  operating  procedures  were  worked  out,  the  low-speed  cryogenic  tunnel 
was  used  to  experimentally  verify,  insofar  as  possible,  the  validity  and  practicality  of 
the  cryogenic  tunnel  concept.  J 


1  . 
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Two  simple  "proof-of-concept "  experiments  were  made  in  the  Langley  low-speed 
cryogenic  tunnel.  One,  using  a  flat  plate  with  a  laminar  boundary  layer,  demonstrated 
that  the  true  aerodynamic  effects  of  Reynolds  number  increases  are  indeed  provided  when 
temperatures  are  reduced  to  the 
cryogenic  range.  The  second,  using  a 
sharp  leading  edge  delta  wing  model, 
verified  that  conventional  strain-gage 
balance  techniques  might  be  used  to 
make  force  and  moment  measurements  at 
cryogenic  temperatures. 

Tn  addition  to  the  two  "proof -of - 
concept"  experiments,  other  experiments, 
mainly  related  to  developing  acceptable 
cooling  techniques  and  operating 
procedures,  were  made  in  the  low-speed 
cryogenic  tunnel.1  *  The  mai  ■ 
conclusions,  both  aerodynamic  and 
operational,  drawn  from  the  experiments 
as  well  as  the  day-to-day  operation 
of  the  low-speed  tunnel  are  outlined 
in  Table  15. 


).  CONCLUDING  REMARKS 

Following  the  development  of  the  cryogenic  wind  tunnel  at  the  NASA  Langley  Research 
Center  in  1972,  a  large  number  of  cryogenic  wind-tunnel  projects  have  been  undertaken  at 
various  research  establishments  around  the  world.  The  purpose  of  this  lecture  has  been 
to  describe  briefly  some  of  the  more  significant  cryogenic  wind-tunnel  projects  not 
covered  by  other  lecturers  at  this  Special  Course. 
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1  ‘Margoulis.  W  Nouvelle  Methode  d'essai  de  Modeles  en 
Souffleries  Aerodynarmques  (A  New  Method  ot  Testing  Models  In 
Wind  Tunnel*.)  Comptes  Rendus  Acad  Sci.  Vol.  171.  1920,  pp 
997  999.  Seance  du  22  Nov  1920 

This  is  a  2Vj  page  short  version  (abstract),  in  French,  ol  NACA 
TN-52  This  was  presented  lor  W  Margoulis  by  M  L  Lecornu. 
*NACA.  Pans  Office 

2  *  Margoulis.  W  A  New  Method  ot  Teeting  Model*  in  Wind 
Tunnels.  NACA  TN-52.  Aug  19 21. 

This  paper  discusses  the  use  ot  gases  other  than  air  and  the  use 
of  nonambient  temperatures  and  pressures  as  ways  of  increasing 
test  Reynolds  number  and  reducing  capital  cost  and  drive  power 
requirements  fur  low-speed  wind  tunnels  The  use  ot  carbonic  acid 
gas  (CO2)  is  examined  m  detail 
‘NACA,  Pans  Office 

3  Smelt.  R  Power  Economy  in  High-Speed  Wind  Tunnels  by 
Choice  of  Working  Fluid  and  Temperature.  British  R.A.E  Rep  no. 
Aero  2081.  Aug  1 945 

The  power  required  to  operate  a  high-speed  wind  tunnel  at 
fixed  Mach  number,  Reynolds  number,  and  pressure  can  be  greatly 
reduced  if  instead  ot  air  at  normal  temperatures,  other  fluids  or  low 
temperatures  are  employed.  If  operation  at  normal  temperatures  is 
desired,  best  power  economy  is  obtained  by  using  certain  fluorine 
compounds  of  high  molecular  weight.  The  value  of  > for  all  these 
substances  is  low— about  t  15.  compared  with  14  for  air.  No  sub¬ 
stance  is  known  which  will  permit  substantial  power  reduction  at 
normal  temperature  with  >=1.4,  If  7=1  4  is  essential— nothing  defi¬ 
nite  can  be  said  on  this  point— then  power  economy  is  best  achieved 
by  refrigeration  This  is  permissible  down  to  a  definite  limiting 
temperature  For  air  the  limit  is  126°  R.  and  the  power  there  is  only 
7%  of  that  at  norma)  temperature.  Use  of  nitrogen  permits  an  operat¬ 
ing  temperature  of  1 08°  R.  and  the  power  required  is  3.8%  of  that  for 
air  at  normal  temperatures 

4  PankhursL  R.  C..  and  Holder,  D  W.:  Power  Economy  by 
Reduction  ot  Stegnetlon  Temperature.  Wind  Tunnel  Technique.  Sir 
Isaac  Pitman  and  Sons.  Ltd..  London,  1952.  pp.  45-47. 

The  advantages  with  respect  to  power  economy  of  a  reduction 
in  stagnation  temperature  are  noted.  ‘  Since  refrigeration  does  not 
involve  an  increase  tn  the  stresses  in  the  model,  nor  a  departure  from 
the  conditions  of  dynamic  similarity,  it  might  appear  to  be  a  promis¬ 
ing  method  of  power  economy  The  practical  difficulties  involved 
would  be  considerable " 

5  ‘Fowler,  H.  S  .  and ‘Rush,  C.  K  .  Centrifugal  Compressors— A 
Brief  History  and  a  Description  of  Some  Current  Research. 

Quarterly  Bulletin  of  the  Division  of  Mechanical  Engineering, 
National  Research  Council  of  Canada.  Oct. -Dec.  7962,  pp  35-54 
Also.  Canadian  Aeronautics  and  Space  Journal,  Jan.  1 964,  pp.  7  - 1 2. 

N63- 13998 

A  brief  account  of  the  historical  development  of  the  centrifugal 
compressor  shows  a  continued  improvement  until  a  peak  was 
reached  about  1955.  After  some  years  of  neglect  interest  is  now 
reawakening  in  this  field.  Following  a  very  short  review  of  some 
aspects  of  compressor  theory,  two  novel  experimental  approaches 
fo  the  investigation  of  flow  and  efficiency  in  the  compressor  are 
described  The  test  rigs  being  used  in  these  investigations  in  the 
Mechanical  Engineering  Oiviaion  of  NRC  are  illustrated.  One  of 


these  rigs,  the  heat  exchanger  of  which  is  cooled  with  liquid  nitro¬ 
gen.  is  of  especial  interest 

‘National  Research  Council  of  Canada,  Ottawa.  ON.  K1A,  OR6. 
Canada 

6  ‘Rush,  C  K  A  Low  Temperature  Centrifugal  Compressor 

Test  Rig  (Mechanical  Engineering  Report)  National  Research 
Council  of  Canada  Rep.  MD-48;  NRC-7776,  Nov.  1963,  57  pp. 

N64-25199 

An  examination  of  the  requirements  for  dynamic  similarity  in 
centritugal  compressors  demonstrates  the  possible  advantages  of 
using  air  at  temperatures  down  to  100  K.  A  test  rig  capable  of 
operating  at  low  temperature  is  described.  Test  results  for  inlet 
conditions,  ranging  from  room  temperature  to  125  K  are  presented. 
The  predicted  advantages  of  operating  at  low  temperature  are  con¬ 
firmed.  However,  the  desired  result  that  the  performance  should  be 
identical  at  four  different  conditions  of  dynamic  similarity  was  not 
achieved,  although  the  differences  are  relatively  small.  Further 
examination  of  the  results  suggests  that  the  differences  are  due  (0 
changes  in  geometry  with  changes  in  the  test  rig  internal  pressure 
‘National  Research  Council  of  Canada.  Ottawa.  ON.  K1  A,  OR6. 
Canada 


7  ‘Goodyer,  M.  J.;  and  “Kilgore.  R.  A.:  The  High  Reynolds 
Number  Cryogenic  Wind  Tunnel.  AIAA  paper  72-995.  7th  Aero¬ 
dynamic  Testing  Conference.  Palo  Alto,  Calif..  Sept  13-15,  1972. 
Also.  AIAA  Journal,  vol.  11.  no.  5.  May  1973.  pp  613-619. 

AIAA-72-995  A72-41581# 

Theoretical  considerations  indicate  that  cooling  the  wind- 
tunnel  test  gas  to  cryogenic  temperatures  will  provide  a  large 
increase  in  test  Reynolds  number  with  no  increase  in  dynamic 
pressure  while  reducing  the  tunnel  drive-power  requirements.  Stud¬ 
ies  have  been  made  to  determine  the  expected  variations  of  Rey¬ 
nolds  number  and  other  parameters  over  wide  ranges  of  Mach 
number,  pressure,  and  temperature  with  due  regard  to  avoiding 
liquefaction  and  adverse  real-gas  effects  Practical  operational 
procedures  have  been  developed  in  a  low -speed  prototype  cryo¬ 
genic  wind  tunnel  Aerodynamic  experiments  in  the  facility  have 
demonstrated  the  theoretically  predicted  variations  in  Reynolds 
number  and  drive  power  Force  and  moment  measurements  on  a 
wing  model  mounted  on  a  water -jacketed  strain-gage  sting  balance 
have  demonstrated  the  feasibility  of  operation  of  such  balances  in  a 
cryogenic  environment. 

‘The  University.  Southampton  S09  5NH.  Hampshire,  U  K 
“NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

8  ‘Lin,  Shih-Chun  An  Experimental  Study  of  Gesdynemlcel 
Turbulence.  California  Univ..  San  Diego  Ph.  D.  Thesis,  1972. 230  pp. 
(Available  Univ.  Microfims.  Order  No.  72-24634). 

N73- 19280 

A  nearly  homogenous  grid  turbulence  Held  with  large- 
amplitude  temperature  fluctuations  is  investigated  experimentally  In 
order  to  generate  a  nearly  homogenous  flow  field  with  large  temper¬ 
ature  fluctuations  in  the  laboratory,  a  21*  *  21'  variable  density, 
subsonic  wind  tunnel  with  the  capability  of  generating  Reynolds 
number  per  inch  up  to  3.5  *  1 04  when  operated  at  ambient  tempera¬ 
tures  and  up  to  3  0  *  10s  when  operated  at  100  K  by  the  direct 
injection  of  liquid  nitrogen  has  been  designed  and  developed  The 
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details  of  the  design  and  the  discussion  of  the  tunnel  performance 

peration  has  been  postponed 

•University  of  California,  San  Diego,  CA.  9211? 

9  'Jacobsen.  R.  T.,  ’Stewart.  R.  B.;  ‘McCarty.  R.  D.,  and  ’Han¬ 
ley,  H,  J.  M  Thermophyslcai  Properties  of  Nitrogen  from  the  Fusion 
Line  to  3500  R  (1944  K)  for  Pressures  to  150,000  psia  (10342  *  10* 

N/mJ).  National  Bureau  of  Standards.  NBS  TN-648.  Dec  1973. 162 
pp  (Available  from  U.  S.  Government  Printing  Office.  Washington, 
DC  20402  Catalog  #Cl  3.46:648.) 

N74- 17637# 

Tables  of  thermophysical  properties  of  nitrogen  are  presented 
for  temperatures  from  the  fusion  line  to  3500  R  for  pressures  to  3000 
psia.  and  from  the  fusion  line  to  1500  R  for  pressures  above  3000 
psia  to  1 5o,000  psia.  The  tables  include  values  of  entropy,  enthalpy, 
internal  energy,  density,  specific  volume,  velocity  of  sound,  specific 
heats  (Cv  and  Cp).  thermal  conductivity,  viscosity,  thermal  diffusivity , 
Prandtl  number,  and  the  dielectric  constant  for  selected  isobars. 
Additionaitablesaremcludedforvaluesof  ( dP/  3V)t,(3p/  6T)p, 
V<  3  H  /  d  V)p  .  ( d  P/  3  V<  d  P/  d  V)T,  and  ( d  V/  3  T)p,  which  have 
special  utility  in  heat  transfer  calculations.  Tables  of  selected  iso¬ 
bars  for  the  liquid  and  vapor  phases,  and  for  the  saturated  vapor  and 
saturated  liquid  are  included.  An  equation  ot  state  is  presented  for 
liquid  and  gaseous  nitrogen  for  the  temperature  and  pressure 
ranges  of  these  tables  In  the  determination  of  the  equation  of  state, 
all  of  the  P-  p  -T  (pressure-density-temperature)  data  available  from 
the  published  literature  were  reviewed,  and  appropriate  corrections 
were  made  to  bring  experimental  temperatures  into  accord  with  the 
International  Practical  Temperature  Scale  of  1968.  The  coefficients 
of  the  equation  of  state  were  determined  by  a  weighted  least  squares 
fit  to  selected  P-  p-T  data  and  simultaneously  to  Cv  data  determined 
by  corresponding  states  analysis  from  oxygen  data,  and  to  data 
which  defined  the  phase  equilibrium  criteria  for  the  saturated  liquid 
and  saturated  vapor.  A  vapor  pressure  equation,  melting  curve  equa¬ 
tion,  and  an  equation  to  represent  the  ideal  gas  heat  capacity  ot 
nitrogen  are  also  presented.  The  equation  of  state  is  estimated  to  be 
accurate  to  within  0.5  percent  in  the  liquid  region,  to  within  01 
percent  for  supercritical  isotherms  up  to  15,000  psia,  and  to  within 
0  3  percent  from  15,000  to  150.000  psia.  The  vapor  pressure  equa¬ 
tion  is  accurate  to  within  ±0.01  K  between  the  triple  point  and  the 
critical  point. 

’National  Bureau  of  Standards  Boulder  Labs.  Boulder,  CO,  80302 
Contract  NASA-MSC-T-1813A 

10  ‘Kilgore,  R.  A.;  ’Adcock,  J.  B.;  and  'Ray.  E.  J.:  Flight  Simula¬ 
tion  Characteristics  of  the  Langley  High  Reynold!  Number  Cry¬ 
ogenic  Transonic  Tunnel.  12th  Aerospace  Sciences  Meeting, 
Washington,  DC,  J  an  30- Feb.  1.  1974  9  pp 

AIAA  Paper  74-80  A74-20761# 

The  characteristics  of  the  Langley  34  cm  (1 3.5  in.)  pilot  cry¬ 
ogenic  transonic  pressure  tunnel  are  described,  and  the  results  of 
initial  tunnel  operation  are  presented.  Tests  of  a  two-dimensional 
airfoil  at  a  Mach  number  of  0.65  show  identical  pressure  distribu¬ 
tions  for  a  chord  Reynolds  number  of  8.600.000  obtained  first  at  a 
stagnation  pressure  of  4  91  atmospheres  at  a  stagnation  tempera¬ 
ture  of  ♦120°  F  and  then  at  a  stagnation  pressure  of  119  atmos¬ 
pheres  at  a  stagnation  temperature  of  -250°  F. 

•NASA,  Langley  Research  Center.  Hampton,  VA.  23665 

1 1  'Kilgore.  Robert  Ashworth  The  Cryogenic  Wind  Tunnel  lor 
High  Reynolds  Number  Testing.  Southampton  Univ..  U  K.  Ph  D, 
Thesis  Feb  1974  NASA  1M  X-70207, 230  pp.  Available  NTfS 

N74-27722# 


Experiments  performed  at  the  NASA  Langley  Research  Center 
m  a  cryogenic  low-speed  continuous-flow  tunnel  and  in  a  cryogenic 
transonic  continuous -flow  pressure  tunnel  have  demonstrated  the 
predicted  changes  m  Reynolds  number,  drive  power,  and  tan  speed 
with  temperature,  while  operating  with  nitrogen  as  the  test  gas  The 
experiments  have  also  demonstrated  that  cooling  to  cryogenic 
temperatures  by  spraying  liquid  nitrogen  directly  into  the  tunnel 
circuit  is  practical  and  that  tunnel  temperature  can  be  controlled 
within  very  close  limits  Whereas  most  types  ot  wind  tunnels  could 
operate  with  advantage  at  cryogenic  temperatures,  the  continuous 
flow  fan -driven  tunnel  is  particularly  well  suited  to  take  full  advan 
tage  ot  operating  at  these  temperatures  A  continuous 
flow  fan-driven  cryogenic  tunnel  to  satisfy  current  requirements  for 
test  Reynolds  number  can  be  constructed  and  operated  using  exist 
ing  techniques.  Both  capital  and  operating  costs  appear  acceptable 
‘NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

12  ’Adcock.  J.  B  The  Cryogenic  Wind  Tunnel  Concept.  (Pre¬ 
sented  during  the  House  Authorization  Subcomittee  Hearings  on  the 
OAST  FY  75  Budget).  NASA  TM-80504.  Mar  1974  13  pp  (NASA 
only). 

X80-70012# 

’NASA.  Langley  Research  Center,  Hampton.  VA  23665 


13  ’Wilson,  John  F.;  ’Ware,  George  D.,  and  ’Ramsey.  James 
W.,  Jr  :  Pilot  Cryo  Tunnel:  Attachments,  Seals,  and  Insulation.  Pre¬ 
sented  at  the  ASCE  National  Structural  Meeting.  Cincinnati.  Ohio. 
April  22-26,  1974.  NASA  TM -80509. 1974,  30  pp. 

N79- 30244# 

This  paper  describes  tests  performed  in  evaluation  of  flange 
attachments,  seals,  and  the  structural  support  insulation  for  a  pilot 
cryogenic  wind  tunnel.  The  overall  dimensions  of  the  pilot  tunnel  are 
9.9  m  long.  3.7  m  high,  and  f  2  m  maximum  diameter,  with  a  0.34  m 
octagonal  test  section,  and  a  12/1  contraction  ratio.  The  tan-driven 
closed  circuit  tunnel  at  the  NASA  Langley  Research  Center  was 
designed  for  operation  at  cryogenic  nitrogen  temperature  and 
required  knowledge  of  material  behavior  and  performance  in  addi¬ 
tion  to  that  available  from  the  literature.  The  design  conditions  for 
the  tunnel  are  pressures  up  to  5  atmospheres  (507  kPa)  and  temper¬ 
atures  from  78  K  (-320°  F)  to  322  K  (+120°  F).  The  cold  temperature, 
in  conjunction  with  the  pressure,  required  tests  and  studies  in  the 
following  areas.  Compatible  bolting,  adequate  sealing,  and  effective 
insulating  materials. 

’NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

14  'Zapata.  Ricardo  N.;  'Humphris,  Robert  R;  and  ’Henderson, 
Karl  C :  Experimental  Feasibility  Study  of  the  Application  ot  Mag¬ 
netic  Suspension  Techniques  to  Large-Scale  Aerodynamic  Test 
Facilities.  8th  AIAA  Aerodynamic  Testing  Conference.  Md.,  July 
8-10,  1974.  11  pp.  This  was  also  published  as  NASA  CR-146761, 
1975. 10  pp. 

AIAA  Paper  74-615  N80-11102# 

A 74-35383# 

Based  on  the  premises  that  magnetic  suspension  techniques 
can  play  a  useful  role  in  large-scale  aerodynamic  testing  and  that 
superconductor  technology  offers  the  only  practical  hope  for  build¬ 
ing  large-scale  magnetic  suspensions,  an  all -superconductor  three- 
component  magnetic  suspension  and  balance  facility  was  built  as  a 
prototype  and  was  tested  successfully.  Quantitative  extrapolations 
of  design  and  performance  characteristics  of  this  prototype  system 
to  larger  systems  compatible  with  existing  and  planned  high  Rey¬ 
nolds  number  facilities  have  been  made  and  show  that  this  experi- 
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mental  technique  should  be  particularly  attractive  when  used  in 
conjunction  with  large  cryogenic  wind  tunnels. 

Note  Similar  information  is  contained  in  AGARD-CP-174  (N76- 
25213#).  and  in  NASA  CR-2565  (N75-28025) 

•University  of  Virginia,  Charlottesville.  VA,  22901 

NASA  Grants  NGR-47-005-029;  NGR-47-005-1 10;  NGR-47-005- 

112  and  NSG-1010. 

15  'Ray.  Edward  J..  'Kilgore.  Robert  A..  'Adcock.  Jerry  B.,  and 
•Davenport.  Edwin  E.:  Test  Results  From  the  Langley  High  Rey¬ 
nolds  Number  Cryogenic  Transonic  Tunnel.  8th  Aerodynamic  T est- 
mg  Conference.  Bethesda.  Md..  July  8-1 0_,  1974  Also.  Journal  of 
Aircraft,  vol  12,  no.  6.  June  1975,  pp.  539-544 
AIAA  Paper  74-631  A74-35395# 

NASA  has  recently  developed  and  proof  tested  a  pilot  cryo¬ 
genic  transonic  pressure  tunnel  In  addition  to  providing  an  attrac¬ 
tive  method  for  obtaining  high  Reynolds  number  results  at  moderate 
aerodynamic  loadings  and  tunnel  power,  this  unique  facility  enables 
the  independent  determination  of  the  effects  of  Reynolds  number, 
Mach  number,  and  aeroelasticity.  The  proof-of-concept  experimen¬ 
tal  and  theoretical  studies  are  briefly  reviewed.  Experimental  results 
are  included  which  indicate  pressure  distributions  for  a  two- 
dimensional  airloil  and  strain-gage  balance  characteristics  for  a 
mree-dimensional  delta  wing  model. 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

18  'Polhamus,  E.C.;  'Kilgore.  R.A.;*  Adcock,  J.B.;  and  *Ray,E.J.: 
The  Langley  Cryogenic  High  Reynolds  Number  Wind-Tunnel  Pro¬ 
gram.  Astronautics  and  Aeronautics,  vol.  12.  no.  10,  OcM974,  pp 
30-40 

A  74- 45305# 

A  pilot  version  of  a  new  type  of  transonic  tunnel  was  placed  in 
operation  in  the  fall  of  1973.  In  the  tunnel  the  cryogenic  method  is 
used  to  obtain  a  high  Reynolds  number.  The  cryogenic  concept 
employs  low  temperatures  to  increase  the  Reynolds  number 
through  reducing  the  viscous  forces  rather  than  increasing  the 
inertia  forces.  The  cryogenic  approach  offers  the  desired  Reynolds- 
number  increase  with  no  increase  in  dynamic  pressure,  and  there¬ 
fore  no  increase  in  model  loads.  A  series  of  aerodynamic  experi¬ 
ments  have  been  made  in  the  pilot  tunnel  to  confirm  the  cryogenic 
concept  at  transonic  speeds.  A  brief  description  is  given  of  the 
project  for  a  large  tunnel  which  has  evolved  from  the  investigations. 
'NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

17  'Kilgore.  Robert  A.;  "Goodyer.  Michael  J.;  'Adcock,  Jerry  B.; 
and  *  Davenport.  Edwin  E. :  The  Cryogenic  Wind  T unnel  Concept  for 
High  Reynolds  Number  Testing.  NASA  TN-D-7762.  Nov,  1974. 
96  pp 

N75- 12000# 

Theoretical  considerations  indicate  that  cooling  the  wind- 
tunnel  test  gas  to  cryogenic  temperatures  will  provide  a  large 
increase  in  Reynolds  number  with  no  increase  in  dynamic  pressure 
while  reducing  the  tunnel  drive-power  requirements.  Studies  were 
made  to  determine  the  expected  variations  of  Reynolds  number  and 
other  parameters  over  wide  ranges  of  Mach  number,  pressure,  and 
temperature,  with  due  regard  to  avoiding  liquefaction.  Practical 
operational  procedures  were  developed  in  a  low-speed  cryogenic 
tunnel.  Aerodynamic  experiments  in  the  facility  demonstrated  the 
theoretically  predicted  variations  in  Reynolds  number  and  drive 
power.  The  continuous-flow-fan-driven  tunnel  is  shown  to  be  par¬ 


ticularly  well  suited  to  take  full  advantage  of  operating  at  cryogenic 
temperatures. 

'NASA.  Langley  Research  Center,  Hampton,  VA,  23665 
"The  University,  Southampton  S09  5NH,  Hampshire,  U  K 

18  'Kilgore,  Robert  A.;  'Adcock.  Jerry  B.,  and  'Ray,  Edward  J.. 
Simulation  of  Flight  Test  Conditions  in  the  Langley  Pilot  Transonic 
Cryogenic  Tunnel.  NASA  TN-7811.  Dec  1974  24  pp. 

N75-12001# 

The  theory  and  advantages  of  the  cryogenic  tunnel  concept  are 
briefly  reviewed.  The  unique  ability  to  vary  temperature  indepen¬ 
dently  of  pressure  and  Mach  number  allows,  in  addition  to  large 
reductions  in  model  loads  and  tunnel  power,  the  independent 
determination  of  Reynolds  number,  Mach  number,  and  aeroelastic 
effects  on  the  aerodynamic  characteristics  of  the  model.  Various 
combinations  of  Reynolds  number  and  dynamic  pressure  are  estab¬ 
lished  to  represent  accurately  flight  variations  of  aeroelastic  defor¬ 
mation  with  altitude  changes.  The  consequences  of  the  thermal  and 
caloric  imperfections  of  the  test  gas  under  cryogenic  conditions 
were  examined  and  found  to  be  insignificant  for  operating  pres¬ 
sures  up  to  5  atm  The  characteristics  of  the  Langley  pilot  transonic 
cryogenic  tunnel  are  described  and  the  results  of  initial  tunnel 
operation  are  presented  Tests  of  a  two-dimensional  airfoil  at  a 
Mach  number  of  0.85  show  identical  pressure  distributions  for  a 
chord  Reynolds  number  of  8,600,000  obtained  first  at  a  stagnation 
pressure  of  4.91  atm  at  a  stagnation  temperature  of  322.0  K  and  then 
at  a  stagnation  pressure  of  1 .19  atm  at  a  stagnation  temperature  of 
116  5  K. 

'NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

1 9  'Reubush.  David  E  The  Effect  of  Reynolds  Number  on  Boat- 
teil  Dreg.  AIAA  1 3th  Aerospace  Sciences  Meeting,  Pasadena,  Calif., 
Jan.  20-22, 1975  7  pp 

AIAA  Paper  75-63  A75- 1 8286# 

An  investigation  has  been  conducted  in  the  Langley  pilot  tran¬ 
sonic  cryogenic  tunnel  to  determine  the  effects  of  varying  Reynolds 
number  on  boattail  drag  at  subsonic  speeds.  Six  boattailed  cone- 
cylinder  nacelle  models  were  tested  with  the  jet  exhaust  simulated 
by  a  cylindrical  sting.  Reynolds  number  was  varied  from  about  2.6 
million  to  1 32  million  by  changing  model  length  and  unit  Reynolds 
number,  Boattail  pressure  coefficient  distributions  show  that  in¬ 
creasing  Reynolds  number  tends  to  make  the  pressure  coefficients 
in  the  expansion  region  more  negative  and  the  pressure  coefficients 
in  the  recompression  region  more  positive.  These  two  effects  were 
compensating  and  as  a  result  there  was  little  or  no  effect  of  Reynolds 
number  on  the  pressure  drag  of  the  isolated  boattaifs. 

'NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

20  'Adcock,  Jerry  B.;  'Kilgore,  Robert  A.;  and  'Ray,  Edward  J.: 
Cryogenic  Nitrogen  at  a  Transonic  Wind-Tunnel  Test  Get.  AIAA 
13th  Aerospace  Sciences  Meeting,  Pasadena,  Calif  Jam  20-22, 
1975.  9  pp. 

AIAA  Paper  75-143  A75-18341# 

The  test  gas  for  the  Langley  Pilot  Transonic  Cryogenic  Tunnel 
is  nitrogen.  Results  from  analytical  and  experimental  studies  that 
have  verified  cryogenic  nitrogen  as  an  acceptable  test  gas  are 
reviewed.  Real-gas  isentropic  and  normal-shock  flow  solutions  for 
nitrogen  are  compared  to  the  ideal  diatomic  gas  solutions.  Experi¬ 
mental  data  demonstrate  that  for  temperatures  above  the  liquefac¬ 
tion  boundaries  there  are  no  significant  real-gas  effects  on  two- 
dimensional  airfoil  pressure  distributions.  Results  of  studies  to 
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determine  the  minimum  operating  temperatures  white  avoiding 
appreciable  eHects  due  to  liquefaction  are  included 
'NASA,  Langley  Research  Center.  Hampton,  VA,  23665 

21  ‘Ray,  Edward  J  .  'Kilgore,  Robert  A  ,  'Adcock.  Jerry  &  .  and 
'Davenport.  Edwin  E  Analysis  of  Validation  Teal*  of  the  Langley 
Pilot  Transonic  Cryogenic  Tunnel.  NASA  TN-D-7828.  Feb 
1975  22  pp 

N75- 16569# 

A  pilot  transonic  cryogenic  pressure  tunnel  has  recently  been 
developed  and  proof  tested  at  the  NASA  Langley  Research  Center, 
In  addition  to  providing  an  attractive  method  for  obtaining  high 
Reynolds  number  results  at  moderate  aerodynamic  loading  and 
tunnel  power,  thisunique  tunnel  allows  the  independent  determina¬ 
tion  of  the  effects  of  Reynolds  number.  Mach  number,  and  dynamic 
pressure  (aeroetasticity)  on  the  aerodynamic  characteristics  of  the 
model  under  test.  The  proof  of  concept  experimental  and  theoretical 
studies  are  briefly  reviewed  Experimental  results  obtained  on  both 
two-  and  three-dimensional  models  have  substantiated  that  cryo¬ 
genic  test  conditions  can  be  set  accurately  and  that  cryogenic 
gaseous  nitrogen  is  a  valid  test  medium. 

'NASA,  Langley  Research  Center.  Hampton.  VA,  23665 

22  "Osborne,  B.  P..  Jr.;  and  *  "Nicks,  0.  W.  (Co-chairmen): 

National  Transonic  Facility:  Report  of  the  1974  National  Aeronauti¬ 
cal  Facilities  Subpanel  to  the  Aeronautic*  Panel,  AACB.  Aeronau¬ 
tics  and  Astronautics  Coordinating  Board,  Washington.  DC.  May 
1975.  63  pp. 

N79-79161# 

At  its  69th  meeting,  the  Aeronautics  and  Astronautics  Coordi¬ 
nating  Board  (AACB)  authorized  the  Aeronautics  Panel  to  proceed 
with  a  review  of  national  aeronautics  facilities.  The  specific  T erms  of 
Reference  are  set  forth  in  Attachment  A  The  members  of  the  1974 
National  Aeronautics  Facilities  Subpanel  constituted  by  the  Aero¬ 
nautics  Panel  are  identit.ee/  in  Attachment  B  Prior  fo  the  first  meet¬ 
ing  of  the  subpanei.  the  Cochairmen  of  the  AACB  Aeronautics  Panel 
agreed  to  modify  the  Terms  of  Reference  to  eliminate  consideration 
by  this  subpanel  of  the  USAF  Aeropropulsion  System  Test  Facility 
(ASTF)  and  the  NASA/ Ames  40  *  80  foot  tunnef  modifications. 
Hence,  this  report  is  concerned  only  with  a  review  of  the  High 
Reynolds  Number  Tunnel  (HIRT)  and  the  Transonic  Research  Tun¬ 
nel  iTRTi  and  related  requirements. 

*U  S  Department  of  Defense.  Arlington,  VA.  20301 
"NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

23  'Kilgore,  Robert  A ;  and  "Kuhn.  R.  E.:  Recent  Progress  on 
New  Facilities  at  the  NASA  Langley  Research  Center.  In  AGARD 
CP  187.  ’Flight/Ground  Testing  Facilities  Correlation/'  pp.  2-1 
through  2-14  Presented  at  46th  Meeting  of  the  Flight  Mechanics 
Panel,  Valloire  France.  9- 1 3  June,  1975. 

N 76 -25269# 

A  new  fan -driven  high  Reynolds  number  transonic  cryogenic 
tunnel  is  being  planned  for  the  United  States.  This  funnel,  to  be 
known  as  the  National  Transonic  Facility,  will  take  full  advantage  of 
the  cryogenic  conceptto  providean  order  of  magnitude  increase  in 
Reynolds  number  capability  over  existing  tunnels  Based  on  theoret¬ 
ical  studies  and  experience  with  the  Langley  0.3-m  Transonic  Cry¬ 
ogenic  Tunnel,  the  cryogenic  concept  has  been  shown  to  offer 
many  advantages  with  respect  to  the  attainment  of  futf-scale  Rey¬ 
nolds  number  at  reasonable  levels  of  dynamic  pressure  in  a  ground- 
based  facility  The  unique  modes  of  operation  which  are  available 
only  m  a  cryogenic  tunnel  make  possible  for  the  first  time  the 


separation  ot  Mach  number.  Reynolds  number,  and  aeroelastic 
effects  By  reducing  the  drive  power  requirements  to  a  level  where  a 
conventional  fan  drive  system  may  be  used,  the  cryogenic  concept 
makes  possible  a  tunnel  with  high  productivity  and  run  times  suffi¬ 
ciently  long  to  allow  tor  ail  types  of  tests  at  reduced  capital  costs 
and.  for  equal  amounts  of  testing,  reduced  total  energy  consumption 
in  comparison  with  other  tunnel  concepts 

'NASA,  Langley  Research  Center.  Hampton,  VA.  23665 

24  'Hail,  RoberiM  Preliminary  Study  of  the  Minimum  Temper¬ 
atures  for  Valid  Testing  in  a  Cryogenic  Wind  Tunnel.  NASA  TM 
X-72700.  Aug  1975  125  pp 

N75-28078# 

The  minimum  operating  temperature  which  avoids  real-gas 
effects,  such  as  condensation,  was  determined  at  a  Mach  number  of 
0  85  for  a  0.1 37 -m  NACA  0012-64  airfoil  mounted  in  the  Langley 
0  3-m  Transonic  Cryogenic  Tunnel.  For  temperatures  within  5  K  of 
reservoir  saturation  and  total  pressures  from  1.2  to  4  5  atm.  the 
pressure  distributions  over  the  airfoil  are  not  altered  by  real-gas 
effects.  This  ability  to  test  at  total  temperatures  below  those  which 
avoid  saturation  over  the  airfoil  allows  an  increase  in  Reynolds 
number  capabifily  of  at  least  f  7  percent  tor  a  constant  tunnel  total 
pressure.  Similarly,  17  percent  less  total  pressure  is  required  to 
obtain  a  given  Reynolds  number. 

'NASA.  Langley  Research  Center,  Hampton,  VA.  23665 

25  "Mabey.  Dennis  G.  Some  Remarks  on  the  Design  of  Tran¬ 
sonic  Tunnels  With  Low  Levels  of  Flow  Unsteadiness.  NASA  CR  - 
2  722,  Aug.  1976.  f  9  pp  (Based  on  a  lecture  given  af  Langley  on  Sept. 
jo,  1975.) 

N79- 25039# 

Flow  unsteadiness  in  wind  tunnels  is  defined  and  its  impor¬ 
tance  tor  aerodynamic  measurements  outlined.  The  principal  sour¬ 
ces  of  flow  unsteadiness  in  the  circuit  of  a  transonic  wind  tunnel  are 
enumerated  Care  must  be  taken  to  avoid  flow  separations,  acoustic 
resonances,  and  large  scale  turbulence  Some  problems  discussed 
are  the  elimination  of  diffuser  separations,  the  aerodynamic  design 
of  coolers  and  the  unsteadiness  generated  m  ventilated  working 
sections  (both  slotted  and  perforated) 

'Royal  Aircraft  Establishment,  Bedford  MK41  6AE.  U  K. 

26  "Mabey.  Dennis  G..  Some  Remarks  on  Dynamic  Aeroelastic 
Model  Tests  In  Cryogenic  Wind  Tunnels.  Presented  at  NASA,  Lang¬ 
ley  Research  Center,  Sept  1975  NASA  CR- 145029  39  pp 

N 76- 78044 

The  application  of  cryogenic  wind  tunnels  to  dynamic  aeroelas¬ 
tic  model  tests  is  the  subject  of  this  informal  lecture  and  discussion 
Emphasis  is  placed  on  buffet  testing  with  a  description  of  two 
semi-span  models  that  could  be  tested  in  the  Langley  0  3-m  Tran¬ 
sonic  Cryogenic  Tunnel  to  develop  a  buffet  testing  technique  suita¬ 
ble  for  use  at  cryogenic  temperatures 
'Royal  Aircraft  Establishment.  Bedford  MK41  6AE.  U  K 

27  "Reubush.  David  E  The  Effect  ol  Reynolds  Number  on  the 
Boattail  Drag  of  Two  Wing-Body  Configurations.  Ytth  AIAA  and 
SAE  Propulsion  Conference.  Anaheim.  Calif..  Sept.  29-Oct  i. 
1975  8  pp 

AIAA  Paper  75-1294  A75-45681# 

An  investigation  has  been  conducted  in  the  Langley  0.3-m 
Transonic  Cryogenic  Tunnel  to  determine  the  effects  of  varying 
Reynolds  number  on  the  boattail  drag  of  wing -body  configurations 
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at  subsonic  speeds  Two  boattaited  cone-cylinder  nacelle  models 
were  tested  with  a  60°  delta  wing  at  an  angle  of  attack  of  0° 
Reynolds  number,  based  on  model  length,  was  varied  from  about 
2  5  million  to  67  million  Even  though  the  presence  of  the  wing  had 
large  effects  on  the  boattaii  pressure  coefficients,  the  results  of  this 
investigation  were  similar  to  those  previously  found  for  a  series  of 
isolated  boattaits  Boattad  pressure  coefficients  in  the  expansion 
region  became  more  negative  with  increasing  Reynolds  number, 
while  those  in  the  recompression  region  became  more  positive 
These  two  effects  were  compensating,  and  as  a  result,  there  was 
virtually  no  effect  ot  Reynolds  number  on  boattaii  pressure  drag 

'NASA  Langley  Research  Center.  Hampton.  VA.  23665 

28  *Haii  Robed  M  and  *  Ray  .  Edward  J  Investigation  of  Min¬ 

imum  Operating  Temperatures  tor  Cryogenic  Wind  Tunnels.  AIAA 
14th  Aerospace  Sciences  Meeting,  Washington.  DC.  Jan  26-28. 
*976  Also.  Journal  of  Aircraft,  vof  14.  no  6.  June  1977.  pp  560-564 
AIAA  Paper  76  89  A76-18781# 

T otai  temperatures  corresponding  to  the  onset  ol  condensation 
effects  were  determined  for  flow  over  a  0137-m  NACA  0012-64 
airfoil  mounted  in  the  Langley  0  3-m  Transonic  Cryogenic  Tunnel 
Tests  were  carried  out  at  a  total  pressure  range  from  1 .2  to  4.5  atm 
and  at  free  -stream  Mach  numbers  of  0  75.  0  85.  and  0  95  No  con¬ 
densation  effects  were  found  to  occur  until  total  temperatures  were 
below  those  associated  with  tree-stream  saturation  Significant 
increases  in  Reynolds  number  may  apparently  be  obtained  by  oper¬ 
ation  at  temperatures  below  those  associated  with  local  saturation 
over  the  airfoil  but  above  those  where  effects  first  occur.  For  the  0.85 
and  0  95  Mach  numbers  the  increase  in  Reynolds  number  was  at 
least  1 5  percent  over  those  achieved  at  local  saturation  conditions 
for  the  same  pressure  range. 

•NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

29  'ludwieg,  H  .  *Grauer-Carstensen.  H  ;  and  'Lorenz-Meyer, 
W  The  Ludwieg  Tube— A  Propose!  lor  a  High  Reynold*  Number 
Transonic  Wind  Tunnel.  In  AGARD-CP-174,  Wind  Tunnel  Design 
and  Testing  Technology.  Majxh  1976  pp  3-1  through  3-11. 

N76-25216 

After  a  brief  review  of  the  historical  development  of  the  Large 
European  High  Reynolds  Number  Tunnel  (LEHRT)  and  its  specifica¬ 
tions.  the  advantages  and  flexibility  of  a  Ludwieg  tube  drive  system 
are  outlined  Special  emphasis  is  given  to  the  development  of  the 
boundary  layer  m  the  charge  tube  and  its  influence  on  the  How 
quality  in  the  test  section  The  theoretical  predictions  ol  boundary 
layer  growth  are  confirmed  by  experimental  results.  An  improved 
prediction  method  for  the  turbulence  in  the  test  section  is  given 
Means  to  affect  the  turbulence  in  order  to  meet  the  LEHRT  require¬ 
ments  are  outlined  After  a  short  review  of  the  development  of  cost 
estimates  some  options  are  discussed  which  promise  significant 
reduction  m  construction  costs  without  impairing  performance. 
These  solutions  are  the  application  of  prestressed  concrete  for 
targe  parts  ol  the  construction,  lowering  the  stagnation  temperature 
by  an  amount  of  approximately  50°  C.  and  operation  at  cryogenic 
temperatures 

•DFVLR.  Bunsenstrasse  10.  D-34Q0  Goettingen.  West  Germany 
(FRG) 

30  'Kilgore,  Robert  A..  'Adcock,  Jerry  B.;  and  'Ray,  Edward  J.. 
The  Cryogenic  Transonic  Wind  Tunnel  for  High  Reynolds  Number 
Research,  in  AGARD-CP-174.  Wind  Tunnel  Design  and  Testing 
Technology.  Mar  1976,  pp  l-i  through  1-20 

N76-25214 


Based  on  theoretical  studies  anct  experience  with  a  low  speed 
cryogenic  tunnel  and  with  a  transonic  cryogenic  tunnel,  the  cryo¬ 
genic  wind  tunnel  concept  has  been  shown  to  offer  many  advan¬ 
tages  with  respect  to  the  attainment  ot  lull  scale  Reynolds  number  at 
reasonable  levels  of  dynamic  pressure  m  a  ground  based  facility 
The  unique  modes  of  operation  available  in  a  pressurized  cryogenic 
tunnel  make  possible  for  the  first  time  the  separation  of  Mach 
number,  Reynolds  number  and  aeroelastic  effects 
•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

31  *Haut.  Richard  C  ,  and  ••Adcock.  Jerry  B.  Steady  Normal 
Shock  Wave  Solution  Tables  of  Parahydrogen  tor  Total  Tempera¬ 
tures  from  30  K  to  290  K  and  lor  Total  Pressure  Irom  1  Atm  to  10  Atm. 

NASA  TM  X-  73899.  April  1976  100  pp 

N76-23518# 

The  steady  normal  shock  wave  solutions  of  parahydrogen  at 
various  total  pressures  and  total  temperatures  were  numerically 
determined  by  iterating  the  upstream  Mach  number  and  by  using  a 
modified  interval  halving  technique  The  results  obtained  are  com¬ 
pared  with  the  ideal  diatomic  gas  values  and  are  presented  in 
tabulated  form 

•Old  Dominion  University,  Norfolk.  VA,  23508 
"NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

32  'Haul,  Richard  C  ;  and  * 'Adcock.  Jerry  B.:  Tables  ot  Isen- 
tropic  Expansions  ot  Parahydrogan  and  Related  Transport  Proper¬ 
ties  for  Total  Temperatures  from  25  K  to  300  K  and  for  Total  Pres¬ 
sures  from  1  Atm  to  10  Atm.  NASA  TM-X-  72826.  April  1976  93  pp 

N76-22489# 

The  isentropic  expansions  of  parahydrogen  at  various  total 
pressures  and  total  temperatures  were  numerically  determined  by 
iterating  Mach  number  and  by  using  a  modified  interval  halving 
method.  The  calculated  isentropic  values  and  related  properties  are 
presented  m  tabulated  form. 

'Old  Dominion  University.  Norfolk.  VA  23508 
"NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

33  'Reubush.  David  E.;  and  'Putnam.  Lawrence  E.:  An  Experi¬ 
mental  and  Analytical  Investigation  ot  Effect  on  Isolated  Boattaii 
Drag  of  Varying  Reynolds  Numbers  up  to  130,000,000.  NASA  TN- 
D-8210,  May  1976  85  pp. 

N76-231 71# 

An  investigation  was  conducted  to  determine  whether  large 
Reynolds  number  effects  occur  on  isolated  boattails.  The  investiga¬ 
tion  included  an  analytical  study  and  tests  in  the  Langley  0  3-m 
Transonic  Cryogenic  Tunnel.  This  investigation  was  conducted  at 
an  angle  ot  attack  of  0°  at  Mach  numbers  from  0.6  to  0.9  for  Reynolds 
numbers  up  to  130  *  10*.  Results  indicate  that  as  the  Reynolds 
number  was  increased,  the  boattaii  static  pressure  coefficients  m 
the  expansion  region  of  the  boattaii  became  more  negative  whereas 
those  in  the  recompression  region  became  more  positive.  These 
two  trends  were  compensating  and,  as  a  result  there  was  only  a 
small  effect  (if  any)  of  Reynolds  number  on  boattaii  pressure  drag. 
•NASA,  Langley  Research  Center.  Hampton,  VA.  23665 

34  *Rao.  D  M..  Wind  Tunnel  Design  Studies.  Final  Report  (June 
'75  through  May  76).  Old  Dominion  Univ..  TR-76-T11.  NASA 
OR- 1481 49,  May  1976  31  pp 

N76-25156# 

This  report  described  work  performed  at  Langley  Research 
Center  in  support  of  the  National  Transonic  Facility  Proiect  Office 
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The  report  is  in  three  parts  estimation  of  aerodynamic  losses  m  the 
tunnel  circuit.  2nd-turn  model  studies,  and  proposed  circuit  modifi¬ 
cation  tor  LNj  economy  and  shell  cost  savings  The  report  empha¬ 
sizes  the  basic  motivation  behind  the  problems  studied,  and  gives 
the  mam  results  and  conclusions  obtained 
•Old  Dominion  University.  Norfolk.  VA.  23508 
NASA  Grant  NSG-1135 

35  'fireman  K  W  Models  lor  a  Cryogenic  Wind  Tunnel  With 
3.2  m2  Test  Section;  Stagnation  Pressure  4-6  Bars.  National  Aero¬ 
space  Lab  NLR  Memo-TP- 76-008.  June  2. 1976.  6  pp 

N81 -73773 

in  this  note  some  comments  are  given  on  the  feasability  of  wind 
tunnel  models  to  be  used  under  cryogenic  conditions.  These  com¬ 
ments  are  the  result  ot  a  short  and  superficial  investigation  on  this 
subject.  The  matters  discussed  are  materials,  design  and  model 
handling  Finally  the  conclusion  will  be  that  no  major  problems  are 
expected 

•National  Aerospace  Laboratory.  Anthony  Fokkerweg  2.  1059  CM 
■Xmsterdam.  The  Netherlands 

36  'Schoenmakers.  T.  J  Strain  Gauge  Balance*  tor  a  Cryo¬ 
genic  Wind  Tunnel  With  3.2  m2  Test  Section  and  Stagnation  Pres¬ 
sures  of  4  to  6  Bars.  National  Aerospace  Lab  NLR-Memo-TP-76- 
007.  June  2.  1976  5  pp 

N81 -73903 

Remarks  on  the  feasibility  of  using  strain  gauge  balances  in  a 
cryogenic  wind  tunnel  with  3.2  m?  test  section  and  stagnation  pres¬ 
sures  of  4  to  6  bars  are  presented  in  this  paper.  These  comments  are 
based  on  a  short  investigation  and  on  discussions  within  the 
department  of  the  NLR  responsible  for  the  development  of  strain 
gauge  balances  for  the  existing  wind  tunnels  Problems  induced  by 
the  low  temperatures  are  expected  to  be  resolvable  by  executing  an 
appropriate  development  program,  high  aerodynamic  loads  may 
put  some  limitations  to  testing  relatively  slender  bodies. 

•National  Aerospace  Laboratory.  Anthony  Fokkerweg  2.  1059  CM 
Amsterdam.  The  Netherlands 

37  'McKinney.  Lmwood  W  and  ‘Howell,  Robert  R.  The  Char¬ 
acteristics  of  the  Planned  National  Transonic  Facility.  9th  AIAA 
Aerodynamic  Testing  Conference.  Arlington.  Tex.,  June  7-9,  1976 

A76-38626  'pp  176-184) 

A76-38645# 

The  National  Transonic  Facility  is  a  high  Reynolds  number 
transonic  wind  tunnel  designed  to  satisfy  the  research  and  devel¬ 
opment  needs  of  NASA,  DOD.  and  industry  The  facility  design 
incorporates  the  cryogenic  approach  to  achieving  high  Reynolds 
numbers  with  manageable  model  loads  By  using  temperature  as  a 
test  variable,  a  unique  capability  to  clearly  separate  aeroelastic, 
Reynolds  number,  and  Mach  number  effects  will  be  possible  This 
capability  will  open  new  horizons  in  transonic  aerodynamic  re¬ 
search  The  tunnel  design,  including  unique  features  and  operating 
envelopes,  is  described  A  brief  overview  of  the  general  operating 
arrangement  and  the  schedule  for  facility  construction  is  presented 
‘NASA.  Langley  Research  Center,  Hampton,  VA.  23665 

38  ‘Kilgore.  Robert  A  .  and  ‘Davenport,  Edwin  E  Static  Force 
Tests  of  a  Sharp  Leading  Edge  Delta  Wing  Modal  at  Ambient  and 
Cryogenic  Tern  par  afuras  With  a  Description  of  the  Apparatus 
Employed.  NASA  TM-X- 73901.  June  i976  50  pp 

N76-28159# 


A  sharp  leading  edge  delta- wing  model  was  tested  through  an 
angle -of -attack  range  at  Mach  numbers  of  0.75.  0.80.  and  0  85  at 
both  ambient  and  cryogenic  temperatures  in  the  Langley  0  3-m 
Transonic  Cryogenic  Tunnel.  Total  pressure  was  varied  with  total 
temperature  in  order  to  hold  test  Reynolds  number  constant  at  a 
given  Mach  number  Agreement  between  the  aerodynamic  data 
obtained  at  ambient  and  cryogenic  temperatures  indicates  that 
flows  with  leading-edge  vortex  effects  are  duplicated  properly  at 
cryogenic  temperatures  The  test  results  demonstrate  that  accurate 
aerodynamic  data  can  be  obtained  by  using  conventional  force¬ 
testing  techniques  if  suitable  measures  are  taken  to  minimize 
temperature  gradients  across  the  balance  and  to  keep  the  balance 
al  ambient  (warm)  temperatures  during  cryogenic  operation  of  the 
tunnel 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

39  ‘Lambourne.  N  C.  Similarity  Requirements  tor  Flutter  and 
Other  Aeroelastic  Models  in  a  Cryogenic  Wind  Tunnel.  RAE-TM- 
Struct-888,  June  1976  13pp 

N77-19083# 

A  consideration  of  the  requirements  for  aeroelastic  similarity 
shows  that  the  low  working  temperature  of  a  cryogenic  tunnel  and 
an  ability  to  vary  temperature  both  have  potential  advantages  in 
regard  to  the  choice  ot  suitable  stiffness  and  density  scales  for  an 
aeroelastic  model.  The  advantages  are  incidental  to  the  mam  pur¬ 
pose  of  a  cryogenic  tunnel,  which  is  to  achieve  high  Reynolds 
numbers. 

‘Royal  Aircraft  Establishment.  Bedford  MK41  6AE,  U  K. 

40  ‘Adcock.  Jerry  B.;  and  ‘Ogburn.  Marilyn  E..  Power  Calcula¬ 
tions  for  Isentropic  Compressions  of  Cryogenic  Nitrogen.  NASA 
TN-D-8389.  Mar  1977.  15  pp  {Formerly  published  as  NASA  TM 
X- 73903.  July  1976,  N76-28516*.  NASA  Grant  NSG-1 01 0. 

N77-20378# 

A  theoretical  analysis  has  been  made  of  the  power  required  for 
isentropic  compressions  of  cryogenic  nitrogen  in  order  to  deter¬ 
mine  the  extent  that  the  drive  power  for  cryogenic  tunnels  might  be 
affected  by  real  gas  effects  The  analysis  covers  temperatures  from 
80  to  310  K.  pressures  from  1.0  to  8.8  atm  and  fan  pressure  ratios 
from  1.025  to  1.200.  The  power  required  to  compress  cryogenic 
nitrogen  was  found  to  be  lower  than  that  required  for  an  ideal 
diatomic  gas  by  as  much  as  9.5  percent.  Simple  corrections  to  the 
ideal  gas  values  were  found  to  give  accurate  estimates  of  the  real 
gas  power  values. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

41  ‘Hall.  Robert  N  Cryogenic  Wind  Tunnels:  Unique  Capabili¬ 
ties  for  the  Aerodynamlclst.  Presented  at  the  54th  Annual  Meeting  of 
the  Virginia  Academy  of  Science.  July  1976.  NASA  TM-X- 73920. 

16  pp 

N76-27252# 

The  cryogenic  wind-tunnel  concept  is  a  practical  means  for 
improving  ground  simulation  of  transonic  flight  conditions  The 
Langley  0  3-m  Transonic  Cryogenic  Tunnel  is  operational,  and  the 
design  of  a  cryogenic  National  Transonic  Facility  is  undertaken.  A 
review  of  some  of  the  unique  capabilities  of  cryogenic  wind  tunnels 
is  presented  In  particular,  the  advantages  of  having  independent 
control  of  tunnel  Mach  number,  total  pressure,  and  total  temperature 
are  highlighted  This  separate  control  over  the  three  tunnel  parame¬ 
ters  will  open  new  frontiers  in  Mach  number.  Reynolds  number, 
aeroelastic,  and  model-tunnel  interaction  studies 
‘NASA,  Langley  Research  Center.  Hampton  VA.  23665 


42  *Reubush.  David  E  Effect  ol  Reynold*  Number  on  the  Sub¬ 
sonic  Boa tt ail  Drag  ol  Several  Wing-Body  Configurations.  NASA 

TN'D-8238.  July  1976  84  pp 

N7«-26157# 

An  investigation  was  conducted  in  a  transonic  cryogenic  wind 
tunnel  to  determine  the  effect  of  varying  Reynolds  number  on  the 
boattail  drag  of  several  wing -body  configurations.  This  study  was 
made  at  0°  angle  of  attack  at  Mach  numbers  from  0  6  to  0.9  for 
Reynolds  numbers  up  to  67  million  (based  on  distance  Irom  the  nose 
to  the  start  of  the  boattail)  Results  indicate  that  as  the  Reynolds 
number  was  increased  the  boattail  static  pressure  coefficients  in  the 
expansion  region  of  the  boattail  became  more  negative  while  those 
m  the  recompression  region  became  more  positive  Results  show 
that  there  was  only  a  small  effect  of  Reynolds  number  on  boattail 
pressure  drag 

•NASA.  Langley  Research  Center,  Hampton,  VA,  23665 

43  'Hall.  Robert  M  An  Analysis  of  Osti  Related  to  the  Minimum 
Temperature*  for  Valid  Testing  in  Cryogenic  Wind  Tunnels  Using 
Nitrogen  as  tha  Teat  Gas.  NASA  TM-X- 73924,  Aug.  1976.  1 10  pp 

N76-29269# 

The  minimum  operating  temperature  which  avoids  adverse  low 
temperature  effects,  such  as  condensation,  has  been  determined  at 
a  free  stream  Mach  number  of  0.85  for  flow  over  a  0  137  m  airfoil 
mounted  at  zero  incidence  in  the  Langley  0.3-m  Transonic  Cryo¬ 
genic  Tunnel  The  onset  of  low  temperature  effects  is  established 
by  comparing  the  pressure  coefficient  measured  at  a  given  orifice 
for  a  particular  temperature  with  those  measured  at  temperatures 
sufficiently  above  where  low  temperature  effects  might  be  expected 
to  occur  The  pressure  distributions  over  the  airfoil  are  presented  in 
tabular  form.  In  addition,  the  comparisons  of  the  pressure  coefficient 
as  a  function  of  total  temperature  are  presented  graphically  for 
chord  locations  of  0.  25.  50.  and  75  percent.  Over  the  1  2  to  4.5  atm 
total  pressure  range  investigated,  low  temperature  effects  are  not 
detected  until  total  temperatures  are  2  K,  or  more,  below  free-stream 
saturation  temperatures 

•NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

44  'Reubush,  David  E  Experimental  Investigation  to  Vaildata 
Use  of  Cryogenic  Temperatures  to  Achievs  High  Rsynoids  Num¬ 
bers  in  Boattail  Pressure  Testing.  NASA  TM-X-3396,  Aug.  1976. 35 
PP 

N76-30228# 

An  investigation  has  been  conducted  in  the  Langley  0.3-m 
Transonic  Cryogenic  Tunnel  to  validate  the  use  of  cryogenic 
temperatures  to  achieve  high  Reynolds  numbers  in  nozzle  boattail 
pressure  testing.  Tests  were  conducted  at  0°  angle  of  attack  and  at 
Mach  numbers  of  0.00. 0.85,  and  0.90  on  two  wing-body  configura¬ 
tions  with  differing  boattail  geometries.  Test  data  were  obtained  by 
using  two  different  techniques,  the  cryogenic  method  and  the  con¬ 
ventional  method,  to  obtain  the  same  Reynolds  number  Later,  the 
test  data  obtained  Irom  the  two  techniques  on  boattail  pressure 
coefficient  distributions  and  pressure  drag  coefficients  were  com¬ 
pared;  results  from  the  comparisons  show  excellent  repeatability  for 
all  test  conditions  and  indicate  no  measurable  errors  when  using 
cryogenic  temperatures  to  achieve  high  Reynolds  numbers  for  noz¬ 
zle  boattail  pressure  testing. 

•NASA,  Langley  Research  Center,  Hampton.  VA,  23665 

45  Goethert  Bernhard  H.:  Technical  Evaluation  Report  on  the 
Fhikl  Dynamics  Panel  Symposium  on  Wind  Tunnel  Design  and 
Tasting  Techniques.  AGARO-AR-97.  Aug.  1976  23  pp 

N76-30236# 


Advanced  wind  tunnel  systems  are  discussed  with  emphasis 
on  the  impact  ot  the  cryogenic  concept  for  high  performance  tran¬ 
sonic  wmd  tunnels.  Topics  covered  include  cryogenic  operation, 
adjustable  walls,  magnetic  suspensions,  and  laser  instrumentation 

46  *Haut,  Richard  C.  and  * 'Adcock.  Jerry  B.  Prandtl- Meyer 
Plow  Tables  for  Parahydrogen  at  Total  Temperatures  from  30  K  to 
290  K  and  for  Nitrogen  at  Total  Temperatures  from  100  K  to  300  K  at 
Total  Pressures  from  1  Atm  to  10  Atm.  NASA  TM-X -73932,  Aug 
1976.  194  pp 

N 76- 30497# 

The  dependency  of  Mach  number  on  the  Prandtl-Meyer  func¬ 
tion  was  numerically  determined  by  iterating  the  Prandtl-Meyer 
function  and  applying  the  Muller  method  to  converge  on  the  Mach 
number  for  flows  in  cryogenic  parahydrogen  and  nitrogen  at  various 
total  pressures  and  total  temperatures.  The  results  are  compared 
with  the  ideal  diatomic  gas  values  and  are  presented  in  tabular  form 

•Old  Dominion  University.  Norfolk,  VA,  23508 
••NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

47  •Howell.  Robert  R..  and  *McKmney.  Linwood  W  The  U.S. 
2.5-Meter  Cryogenic  High  Rsynoids  Number  Tunnel.  10th  ICAS 
Congress.  Ottawa.  Canada,  Oct.  3-8, 1976.  12  pp 

ICAS  Paper  76-04  A76-47353# 

The  U.S.  2.5-Meter  Cryogenic  High  Reynolds  Number  Tunnel  is 
a  fan-driven  transonic  wind  tunnel  scheduled  for  operation  in  1981 . 
It  will  operate  at  Mach  numbers  from  0. 1  to  1 .2,  stagnation  pressures 
from  1  to  9  bars,  and  stagnation  temperatures  from  352  to  80  K.  The 
maximum  Reynolds  number  capability  will  be  120  million  at  a  Mach 
number  of  1.0  based  on  a  reference  length  of  0.25  m.  This  paper 
describes  the  basis  for  the  conceptual  approach,  the  engineering 
design  including  unique  features,  and  the  performance  operating 
envelopes  for  the  tunnel 

•NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

48  *  Nicks.  Oran  W.:  The  NTF  As  a  National  Facility.  In  "High 
Reynolds  Number  Research."  a  workshop  held  at  NASA.  Langley. 
Oct  27-28, 1976. 

N77-27139  (pp  19-51) 
N77-27141# 

Activities  which  led  to  the  definition  of  the  National  Transonic 
Facility  and  the  general  agreements  reached  regarding  its  use  and 
operations  are  reviewed.  Topics  discussed  include:  redefinition  of 
test  requirements,  development  of  low  cost  options,  consideration 
of  a  single  transonic  facility  using  existing  hardware  if  feasible, 
facility  concept  recommendations,  and  acquisition  schedule 
proposals. 

•NASA,  Langley  Research  Center.  Hampton,  VA,  23665 

49  ‘Kilgore,  Robert  A.:  Cryogenic  Wind-Tunnel  Technology.  In 
"High  Reynolds  Number  Research."  a  workshop  held  at  NASA, 
Langley,  Oct.  27-28. 1976. 

N77-27139  (pp. 53-63) 
N77-27142# 

The  cryogenic  concept  and  the  advantages  it  offers  with 
re9pect  to  achieving  full  scale  Reynolds  number  in  a  moderate  size 
tunnel  at  reasonable  levels  of  dynamic  pressure  are  described 
Aspects  which  must  be  considered  during  the  development  of  a 
facility  that  uses  c'yogemc  gaseous  nitrogen  as  the  test  gas  are 
examined  These  include  the  properties  of  nitrogen,  particularly  at 
high  pressure;  isentropic  expansion  and  normal  shock  flows  in 
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nitrogen.  real  gas  ratios,  and  the  problem  of  condensation  Sources 
of  information  on  cryogenic  technology  are  cited 
•NASA,  Langley  Research  Center  Hampton.  VA.  23665 

50  ‘Gillespie.  Vernon  P  The  Design  of  Models  for  Cryogenic 
Wind  Tunnels,  m  "High  Reynolds  Number  Research,  a  workshop 
held  at  NASA.  Langley,  Oct  27-28,  1976 

N77- 27 139  (pp.  73-79) 

N77-27144# 

Factors  to  be  considered  in  the  design  and  fabrication  of  mod¬ 
els  ‘or  transomc  cryogenic  wind  tunnels  operating  at  high  pressures 
include  high  model  loads  imposed  by  the  high  operating  pressures, 
the  mechanical  and  thermodynamic  properties  of 
materials  <n  tow  temperature  environments,  and  the  combination  of 
aerodynamic  loads  with  the  thermal  environment.  Candidate  mater  - 
•ala  are  b6mg  investigated  to  establish  criteria  tor  cryogenic  wind 
tunnel  models  and  their  installation  Data  acquired  from  these  tests 
will  be  provided  to  users  of  the  National  Transonic  Facility 
'NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

51  ‘Goarino,  Joseph  F  Instrumentation  and  Data  Acquisition 

Systems,  (n  "High  Reynolds  Number  Research,  a  workshop  held  at 
NASA.  Langley.  Oct  27-29.  79 76 

N77-27139  Ipp  81-101) 

N77-27145# 

A  comprehensive  and  integrated  measurement  system  was 
identified  and  a  design  and  development  effort  initiated  to  meet  the 
criteria  imposed  by  the  National  Transonic  Facility  operating  environ¬ 
ment  Specific  measurement  areas  receiving  concentrated  attention 
include  data  acquisition,  force  measurement,  pressure  instrumenta¬ 
tion.  flow  visualization  techniques,  model  attitude  and  model  detoi  - 
mation  measurement,  and  temperature  measurement  The  NT F 
instrument  complex  will  be  centered  around  four  32-bit.  i -micro¬ 
second -cycle-time  central  processing  units  connected  m  a 
multipoint-distributed  network  configuration  The  principle  activities 
to  be  supported  by  these  computers  are  (1)  data  base  management 
and  processing.  (2)  research  measurement  data  acquisition  and 
display,  (3)  tunnel  and  model  control,  and  (4)  process  monitoring  and 
communication  control  The  distributed  network  approach  was 
chosen  to  modularize  the  functional  software  into  definable  and 
implementable  parts  by  the  various  groups  involved  m  the  design 
and  to  permit  use  of  similar  hardware  configurations  to  improve 
reliability  and  maintainability 

‘NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

52  ‘Kilgore,  Robert  A  The  Cryogenic  Wind  Tunnel,  in  NASA 
CP-2001 ,  Advances  m  Engineering  Science,  Voi  4. 1976.  pp.  1565- 
1581  Presented  atthe  > 3th  Annual  Meeting  ol  the  Society  of  Engi¬ 
neering  Science.  Hampton.  Va .  Nov  i  -3.  1976 

N77- 10368# 

Based  on  theoretical  studies  and  experience  with  a  low  speed 
cryogenic  funnel  and  with  a  0  3-meter  transonic  cryogenic  tunnel, 
the  cryogenic  wind  tunnel  concept  is  shown  to  offei  many  advan¬ 
tages  with  respect  to  the  attainment  of  full  scale  Reynolds  number  at 
reasonable  levels  of  dynamic  pressure  in  a  ground  based  facility 
The  unique  modes  of  operation  available  in  a  pressurized  cryogenic 
tunnel  make  possible  for  the  first  time  the  separation  of  Mach 
number,  Reynolds  number,  and  aeroelastiC  effects  By  reducing  the 
drive-power  requirements  to  a  level  where  a  conventional  Ian  drive 
system  may  be  used,  the  cryogenic  concept  makes  possible  a  tunnel 
with  high  productivity  and  run  times  sufficiently  long  to  allow  for  all 
types  of  tests  at  reduced  capital  costs  and.  for  equal  amounts  of 


testing,  reduced  total  energy  consumption  m  comparison  with  other 
tunnel  concepts 

•NASA.  Langley  Research  Center.  Hampton  VA,  23665 

53  *  Baals,  Donald  D  Design  Considerations  of  the  National 
Transonic  Facility.  In  NASA  CP-2001.  Advances  in  Engineering 
Science.  Vol  4.  1976,  pp  1 583-1602  Presented  at  the  13th  Annual 
Meeting  of  the  Society  of  Engineering  Science.  Hampton,  Va  .  Nov 
1-3,  1976 

N77-10369# 

The  inability  of  existing  wind  tunnels  to  provide  aerodynamic 
test  data  at  transonic  speeds  and  flight  Reynolds  numbers 'S  exam 
ined  The  proposed  transonic  facility  is  a  high  Reynolds  number 
transonic  wind  tunnel  designed  to  meet  the  research  and  develop¬ 
ment  needs  of  government,  and  the  academic  community  The  facil¬ 
ity  employs  the  cryogenic  approach  to  achieve  high  Reynolds 
numbers  at  acceptable  model  loads  and  tunnel  power  By  using 
temperature  as  a  test  variable,  a  unique  capability  to  separate  scale 
effects  from  model  aeroelastic  effects  is  provided  The  performance 
envelope  of  the  facility  is  shown  to  provide  a  ten  fold  increase  m 
transonic  Reynolds  number  ca>.  ibility  compared  to  currently  avail¬ 
able  facilities 

•Joint  Institute  for  Advancement  of  Flight  Sciences.  The  George 
Washington  University,  NASA,  Langley  Research  Center.  Hampton. 
VA,  23665 

54  ‘Kilgore.  Robert  A  Design  Features  and  Operational  Char¬ 
acteristics  of  the  Langley  0.3-Meter  Transonic  Cryogenic  Tunnel. 

NASA  TN  D-8304,  Dec  1976  51  pp  (This  document  was  previously 
published  as  NASA  TM-X-72012.  1974 ) 

N77-12071# 

Experience  with  the  Langley  0  3- m  Transonic  Cryogenic  tunnel, 
which  is  fan  driven,  indicated  that  such  a  tunnel  presents  no  unusual 
design  difficulties  and  is  simple  to  operate  Purging,  cooldown,  and 
warmup  times  were  acceptable  and  were  predicted  with  good  accu¬ 
racy  Coofmg  with  liquid  nitrogen  was  practical  over  a  wide  range  ol 
operating  conditions  at  power  levels  required  tor  transonic  testing, 
and  good  temperature  distributions  were  obtained  by  using  a  simple 
liquid  nitrogen  inaction  system.  To  take  full  advantage  of  the  unique 
Reynolds  number  capabilities  of  the  0  3-meter  transonic  tunnel,  it 
was  designed  to  accommodate  test  sections  other  than  the  original, 
octagonal,  three  dimensional  test  section  A  20-  by  60-cm  two 
dimensional  test  section  was  recently  installed  and  is  being  cali¬ 
brated  A  two  dimensional  test  section  with  self-streamlimng  walls 
and  a  test  section  incorporating  a  magnetic  suspension  and  balance 
system  are  being  considered 

‘NASA,  Langley  Research  Center.  Hampton,  VA.  23665 

55  ‘Stallings.  R  L..  Jr,  and  ‘Lamb.  M  A  Simplified  Method  for 
Calculating  Temperature  Time  Histories  in  Cryogenic  Wind  Tun¬ 
nels.  NASA  TM-X-  73949.  Dec  1976  16  pp 

N77-13076# 

Average  temperature  time  history  calculations  of  fhe  rest  media 
and  tunnel  walls  for  cryogenic  wind  tunnels  have  been  developed 
Results  are  m  general  agreement  with  limited  preliminary  experi¬ 
mental  measurements  obtained  in  a  1 3  5-in  pitot  cryogenic  wind 
tunnel 

‘NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

5$  ‘Adcock.  Jerry  B  Real-gas  Effects  Associated  With  One- 
Dlmaneional  Transonic  Flow  ol  Cryogenic  Nitrogen.  NASA  TN-O- 
6274.  Oec  1976  272  pp 


N77- 15345# 
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Real  gas  solutions  for  one-dimensional  isentropic  and  normal- 
shock  flows  of  nitrogen  were  obtained  for  a  wide  range  of  tempera¬ 
tures  and  pressures  These  calculations  are  compared  to  ideal  gas 
solutions  and  are  presented  in  tables  For  temperatures  (300  K  and 
below)  and  pressures  (1  to  10  atm)  that  cover  those  anticipated  tor 
transonic  cryogenic  tunnels,  the  solutions  are  analyzed  to  obtain 
indications  of  the  magnitude  of  invisod  flow  simulation  errors  For 
these  ranges,  the  maximum  deviation  of  the  various  isentropic  and 
normal  shock  parameters  from  the  ideal  values  is  about  1  percent  or 
less,  which,  for  most  wind  tunnel  investigations,  would  be  insignifi¬ 
cant 

‘NASA,  Langley  Research  Center.  Hampton,  VA,  23665 


2  Natural  Systems 

3  Community/Infrastructure  Systems 

II  RELATIONSHIP  OF  THE  PROPOSED  ACTION  TO  LAND 
USE  POLICIES.  PLANS,  AND  CONTROLS 
A  LANGLEY  RESEARCH  CENTER 

B  REGIONAL  LAND  USE  AND  PLANS 

‘NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

60  ‘Kilgore,  Robed  A  ,  and  ‘Adcock.  Jerry  B  Specific  Cooling 
Capacity  of  Liquid  Nitrogen.  NASA  TM-X- 7401 5.  Feb  1977  i9pp 

N77-21261* 


57  ‘Wagner,  Bernhard,  and  ‘Schmidt.  Wolfgang  Theoretical 
Investigations  of  Reaf  Gas  Effects  in  Cryogenic  Wind  Tunnels,  Final 
Report.  DS-FB-76/50B.  Dec.  1 976.  82  pp. 

N79- 17820# 

Real  gas  effects  in  cryogenic  nitrogen  flows  were  calculated 
using  the  Beattie- Bridgeman  equation  of  state  The  investigations 
include  Prandtl-Meyer  expansions,  oblique  shocks,  transonic  small 
pedurbation  theory,  transonic  flow  past  a  NACA  0012  aerofoil  and 
shock  boundary  layer  interaction.  The  two  last  cases  mentioned 
were  treated  with  the  aid  of  finite  volume  techniques. 

‘Dormer  GmbH,  Postfach  1420,  0-7990  Friedrichshafen  1,  West 
Germany  (FRG) 

58  ‘Hartzuiker.  J  P  The  Proposed  Cryogenic  European  Tran¬ 
sonic  Windtunnei  (ETW).  Nedertandse  Vereniging  voor  Luchtvaar- 
techniek,  Yearbook  1977,  1978,  pp.  1.1-1.21  Based  on  a  lecture 
presented  to  the  Netherland  Association  of  Aeronautical  Engineers, 
Jan  20.  1977. 

A79-17118# 

The  proposed  European  Transonic  Wind  Tunnel  is  described:  a 
cryogenic  facility  with  test-section  dimensions  compatible  with 
existing  maior  European  transonic  facilities.  Reynolds  number 
based  on  mean  aerodynamic  chord  lies  between  25  million  and 
40  million  The  advantages  and  drawbacks  of  cryogenic  testing,  as 
well  as  fundamental  aspects  of  cryogenic  aerodynamics,  are 
discussed  Comparative  estimates  for  capital  and  operating  costs 
are  presented 

‘National  Aerospace  Laboratory.  Anthony  Fokkerweg  2,  1059  CM 
Amsterdam,  The  Netherlands 


59  ‘National  Transonic  Facility  Environmental  Impact  State¬ 
ment,  Final  Amendment  1.  NASA  TM-79372,  January  1977 
188  pp 
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N80-71996 

A  BACKGROUND 

B  DESCRIPTION  OF  THE  PROPOSED  ACTION 

1  General  Description 

2  Construction  Activities 

3  Operation  Activities 

C  DETAILED  DESCRIPTION  OF  FACILITY 

1  Introduction 

2  Tunnel 

3  Fan  Drive  System 

4  Tunnel  Cooling  and  Pressurization  System 

5  Air  Supply  and  Vacuum  Systems 
b  Controls  and  Instrumentation 

7  Buildings  and  Associated  Structures 
D  DESCRIPTION  OF  THE  AFFECTED  ENVIRONMENT 
1  General  Description  of  the  Site 


When  cryogenic  nitrogen  wind  tunnels  are  cooled  by  meeting 
liquid  nitrogen  directly  into  the  tunnel,  the  specific  cooling  capacity 
of  the  nitrogen  consists  of  the  heat  absorbed  in  warming  and  vapo¬ 
rizing  the  liquid  plus  the  heat  absorbed  in  warming  the  gaseous 
nitrogen  to  the  tunnel  stagnation  temperature  The  specific  cooling 
capacity  of  nitrogen  has  been  calculated  for  a  simplified  model 
based  on  this  method  of  cooling  by  using  a  National  Bureau  of 
Standards  program  for  the  thermodynamic  properties  of  nitrogen 
and  the  results  fitted  with  a  relatively  simple  equation  having  tunnel 
stagnation  pressure  and  stagnation  temperature  as  the  independent 
variables.  This  report  describes  the  assumed  cooling  process,  des¬ 
cribes  the  method  used  to  calculate  the  specific  cooling  capacity  of 
liquid  nitrogen,  gives  the  simple  equation  fitted  to  the  calculated 
specific  cooling  capacity  data,  and  presents  in  graphical  form  calcu¬ 
lated  values  of  the  specific  cooling  capacity  of  nitrogen  for  stagna¬ 
tion  temperatures  from  saturation  to  350  K  and  stagnation  pressures 
from  1  to  1 0  atm. 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

61  ‘Wagner,  Bernhard,  and  ‘Schmidt.  Wolfgang  Theoretische 
Untersuchungen  zur  Stoss-Grenzschicht-Wechselwirkung  in  kryo- 
genem  Stickstoff  (Theoretical  Investigations  on  the  Shock  Wave- 
Boundary  Layer  Interaction  in  Cryogenic  Nitrogen).  In  Contribu¬ 
tions  on  Transport  Phenomena  in  Fluid  Mechanics  and  Related 
Topics.  Tech.  Univ.  Berlin,  Apr  12, 1977.  pp.  277-287  Also.  Zettsch- 
rift  fur  Ffugivissenschaften  und  Weltraumforschung,  vol.  2.  No  2. 
Mar  -Apr  1978.  pp  81-88  (In  German). 

N7  7- 12402# 

A77-47972# 
A78-341 59 

(For  an  abstract  in  English,  see  the  following  entry  ) 

‘Dormer  GmbH,  Postfach  1420.  D-7990  Friedrichshafen  1,  West 
Germany  (FRG) 

62  *Wagnef,  B.  and  ‘Schmidt.  W  Theoretical  Studies  on  the 
Shock  Wave-Boundary  Layer  Interaction  in  Cryogenic  Nitrogen. 

Rept  No  ESA-TT-498,  pp  419-436.  Mar  1979  This  is  an  English 
translation  of  the  t977  German  report  previously  announced  as 
N79-12402 

N79-31569# 

The  basic  effects  of  low  temperatures  close  to  liquefaction  in 
cryogenic  wind  tunnels  were  studied  theoretically  for  viscous  com¬ 
pressible  flow  on  the  basis  of  shock  wave-lammar  boundary  layer 
interaction  The  full  Navier-Stokes  equations  m  combination  with 
the  equations  of  state  for  a  real  gas  and  the  material  properties  for 
low  temperatures  were  solved  by  means  of  a  finite  volume  method 
and  MacCormack’s  time  splitting  technique  Results  show  relatively 
small  deviations  compared  with  the  ideal  ga^  case  The  differences 
m  the  pressure  distribution  are  caused  mainly  by  real  gas  effects  in 
the  inviscid  external  How  field  while  the  changes  m  the  skin  friction 


hi: 


coefficients  depend  mainly  on  the  different  viscosity  characteristics 
and  on  the  real  gas  effects  in  the  temperature  distribution 
•Dormer  GmbH.  Postfach  1420.  D-7990  Friedrtchshafen  1.  West 
Germany  (FRG) 

63  *Haut.  Richard  C  Evaluation  of  Hydrogen  at  a  Cryogenic 
Wind  Tunnai  Teat  Gar  Final  Report.  NASA  OR -145 186  April  1977 
159  pp  A  synopsis  of  this  report  is  contained  »n  the  Journal  of 
Aircraft,  vol.  14.  no.  12,  Dec  1977.  pp.  1155-1156 

N77-24153# 

The  nondtmensional  ratios  used  to  describe  various  flow  situa¬ 
tions  in  hydrogen  were  determined  and  compared  with  the  corre¬ 
sponding  ideal  diatomic  gas  ratios.  The  results  were  used  to  exam¬ 
ine  different  mviscid  flow  configurations  The  relatively  high  value  of 
the  characteristic  rotational  temperature  causes  the  behavior  of 
hydrogen,  under  cryogenic  conditions,  to  deviate  substantially  from 
the  behavior  of  an  ideal  diatomic  gas  in  the  compressible  flow 
regime  Therefore,  if  an  ideal  diatomic  gas  is  to  be  modeled,  cryo¬ 
genic  hydrogen  is  unacceptable  as  a  wind  tunnel  gas  in  a  compress¬ 
ible  flow  situation. 

•Old  Dominion  University.  Norfolk.  VA.  23508 
Grant  NGR-47-003-052 

64  *Voth,  R.O..  and  *Strobridge.  T.R.:  Cryogenic  Design  and 
Safety  Review— NASA -Langley  Research  Center  0.3-Meter  Tran¬ 
sonic  Cryogenic  Tunnel.  NASA  TM-74767;  NBSIR-77-857,  Apr 
1977  28  pp 

N77-28143# 

A  cryogenic  design  and  safety  review  of  a  0.3-m  transonic 
cryogenic  tunnel  is  presented.  The  tunnel  working  fluid  and  coolant 
is  nitrogen.  The  nitrogen,  supplied  as  liquid,  is  exhausted  as  a  low 
temperature  gas.  The  tunnel  and  ancillary  systems  are  generally  well 
designed  but  several  recommendations  to  improve  the  cryogenic 
systems  are  made.  The  cost  of  recovering  the  cold  vent  gas  is 
compared  to  the  cost  of  producing  the  required  liquid  nitrogen  using 
a  captive  air  separation  plant.  Although  the  economic  analysis  is 
preliminary,  it  shows  that  because  of  the  periodic  operation  of  the 
tunnel,  a  captive  air  separation  plant  has  a  lower  annual  operating 
cost  than  the  vent  gas  recovery  systems  considered 
•National  Bureau  of  Standards.  Boulder.  CO.  80302 

6$  'Wagner,  B;  and  ‘Schmidt.  W  Theoretical  Investigation  of 
Real  Gat  Effects  in  Cryogenic  Wfndfunneft.  AIAA  Paper  77-669. 
f  0th  Fluid  and  Plasmadynamics  Conference.  Albuquerque,  N.  Mex., 
June  27-28, 1977. 1 2  pp.  Also,  AIAA  Journal,  vol.  1 6.  no.  6,  June  1 978. 
pp.  380-386. 

A77-37023# 

Real  gas  effects  in  cryogenic  nitrogen  flows  have  been  calcu¬ 
lated  using  the  Beattie- Bridgeman  equation  of  state  The  investiga¬ 
tions  include  Prandtl-Meyer  expansions,  oblique  shocks,  transonic 
small  perturbation  theory,  transonic  flow  past  a  NACA  001 2  aerofoil 
and  shock -boundary  layer  interaction.  The  two  fast  cases  men¬ 
tioned  have  been  treated  with  the  aid  of  finite  volume  techniques. 
The  results  show  some  noticeable  deviations  from  the  behavior  of  an 
ideal  gas  not  only  at  cryogenic  conditions  but  also  at  normal  temper¬ 
atures  and  high  pressures.  The  deviations  remain  very  small  within 
the  operating  range  of  cryogenic  wind  tunnels  if  suitable  reference 
quantities  are  used.  Only  the  friction  coefficient  exhibits  some  sys¬ 
tematic  variation  of  considerable  amount. 

•Dornier  GmbH.  Postfach  1420,  D-7990  Friedrichshafen  1.  West 
Germany  (FRG) 


66  *  Adcock.  Jerry  B  Effect  of  LN2  ln|ection  Station  Location  on 
the  Drive  Fan  Power  and  LN2  Requirem*  ..!•  of  a  Cryogenic  Wind 
Tunnei.  NASA  TM-X- 74036,  June  1977.  19  pp 

N77-27137# 

A  theoretical  analysis  comparing  the  fan  power  and  coolant 
(LN2)  flow  rates  resulting  from  injection  of  the  LN2  either  upstream  or 
downstream  of  the  drive  fan  of  a  closed  circuit  transonic  cryogenic 
tunnel  is  presented  The  analysis  is  restricted  to  steady  state  tunnel 
operation  and  to  the  condition  that  the  tunnel  walls  are  adiabatic 
The  stagnation  pressure  and  temperature  range  ot  the  tunnel  is  from 
1  0  to  8  8  atm  and  from  300  K  to  liquefaction  temperature,  respec 
tiveiy  Calculations  are  made  using  real  gas  properties  of  nitrogen 
Results  show  that  the  fan  power  and  LN2  flow  rates  are  lower  it  the 
LN2  is  injected  upstream  of  the  tan  The  lo*er  fan  inlet  temperature 
resulting  from  injecting  upstream  of  the  fan  has  a  greater  influence 
on  the  power  than  does  the  additional  mass  flow  going  through  the 
tan 

•NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

67  *  Lorenz- Meyer.  W  Ueber  einige  Moetichkaften  zur  Borsch  - 
nung  dee  aehnltchkeltsparameters  k  •  bei  Rea  ten  Oaten.  DFVLR.  in 

Contribution  to  Steady  and  Unsteady  Aerodynamics.'  Aug  1977 
pp  189-201  For  translation,  see  NASA  TM-75222.  A  Few  Ways  of 
Calculating  the  Similarity  Parametar  x*  tor  Raat  Gases.  1 3  pp 

N78- 1 701  ?#(1n  German! 

N78-  14l2l#(ln  English) 

In  connection  with  the  question  on  the  applicability  of  test 
results  obtained  from  cryogenic  wind  tunnels  to  the  large-scale 
model  the  similarity  parameter  is  referred  to  A  simple  method  is 
given  for  calculating  the  similarity  parameter  From  the  numerical 
values  obtained  it  can  be  deduced  that  nitrogen  behaves  practical ly 
like  an  ideal  gas  when  it  is  close  to  the  saturation  point  and  m  a 
pressure  range  up  to  4  bar.  The  influence  of  this  parameter  on  the 
pressure  distribution  of  a  supercritical  profile  confirms  this  finding 

•DFVLR.  Bunsenstrasse  10.  D-3400  Goettingen.  West  Germany 
(FRG) 

60  ‘Buongiorno.  C.:  La  Galleria  Transomca  Internittente  Crio- 
genica  per  Gli  Altissimi  Numeri  di  Reynolds.  (Cryogenic  Intermittent 
Transonic  Wind  Tunnel  for  Very  High  Reynolds  Numbers).  Paper 
presented  at  the  4th  National  Congress  of  the  Italian  Association  of 
Aeronautics.  Milan.  Italy,  Sept.  19-23, 1977.  21  pp.  (In  Italian). 

A78-49739 

The  current  status  of  US.  and  European  studies  on  avery-high- 
Reynolds-number  transonic  wind  tunnel  is  reviewed  and  a  tunnel  to 
be  used  by  the  Italian  Aerospace  Industries  is  proposed  in  the  form  of 
a  transonic  wind  tunnel  that  makes  use  of  both  blow-down  and 
cryogenic  technology.  The  proposed  wind  tunnel  measures  Ixi  2  m 
and  has  the  following  characteristics.  Reynolds  number— 30  million; 
Mach  number— 0  8-1.2;  total  temperature — 120  K,  total  pressure- 
520  KPa.  Use  of  a  sleeve  valve  significantly  reduces  turbulence 
intensity  in  the  test  section  compared  to  the  values  normally 
obtained  in  a  continuous  wind  tunnel  The  air  temperature  is 
reduced  to  the  desired  stagnation  temperature  in  an  economical 
way  through  use  of  a  regeneration  heat  exchanger.  The  relative  low 
cost  of  the  facility  is  given  and  its  complementary  use  with  the 
proposed  European  cooperative  transonic  wind  tunnel  is  discussed 
•Roma  Universita,  Rome,  Italy 

69  *Christophe.  Jean;  Genese  du  Projet  de  Soufflerie  T ransso- 
nique  Europeenne  a  Grand  Nombre  de  Reynolds.  (Genesis  of  Ifte 
European  Hlgh-ReynoWs-Number  Transonic  Wind  Tunnai  Pro¬ 
ject)  Association  Aeronautique  et  Astronautique  de  France.  14th 


Colioque  d'Aerodynamique  Apptiquee,  Toulouse.  France.  Nov.  7-9. 
1977  Also  L'Aeronautique  at  {'Astronautique,  no.  72.  1978.  pp. 
21-34  (In  French.) 

A 79- 17769 

The  proposed  cryogenic  wind  tunnel  project,  which  would 
involve  cooperation  Dy  West  Germany.  France.  The  Netherlands, 
and  the  United  Kingdom,  is  described  Reasons  lor  performing  high- 
Reynolds- number  experiments  are  discussed,  and  examples  of 
proposed  problems  and  their  analysis  are  examined  Reasons  for 
selecting  the  cryogenic  design  are  considered  with  attention  to  the 
history  of  the  wind  tunnel  project  and  the  performance  of  pilot-study 
wind  tunnels. 

*ONERA.  BP  72.  92322  Chatillon  Cedex,  France 

70  ‘Faulmann.  D  ;  ‘Prieur,  J.;and  ‘Vergnolle,  J.  F.:  EssaisPrelim- 
tnaires  sur  une  Installation  Transsonique  Fonctionnant  par  Rafales 
Cryogeniques.  (Preliminary  Tests  of  s  Transonic  Installation  Func¬ 
tioning  With  Cryogenic  Gusts.)  Association  Aeronautique  et  Astro- 
nautique  de  France,  AAAF-NT-78-26. 15  pp  Presented  at  the  14th 
Colioque  d'Aerodynamique  Appliquee,  Toulouse,  France.  Nov.  7-9. 
1977  Available  NTIS  and  CEDOCAR.  Paris.  (In  French  ). 

N79-23040# 

To  achieve  in-flight  Reynolds  numbers,  a  preliminary  system 
operative  at  low  temperatures  for  a  short  period  ir  a  transonic  wind 
tunnel  is  discussed  and  evaluated.  Injection  of  liquid  nitrogen  at  a 
point  in  the  fluid  circuit  rapidly  induces  low  temperatures  for  a  test 
period  on  the  order  of  10  sec.  This  technique  of  increasing  the 
Reynolds  number  without  introducing  severe  instrumentation  prob¬ 
lems  (as  is  the  case  with  continuous  cryogenic  systems)  permits 
adaptation  of  existing  transonic  wind  tunnels  to  an  extended  Rey¬ 
nolds  number  range.  An  induction  system  with  primary  air  cooled  to 
80  K  was  also  tried  with  negative  results  since  it  was  not  possible  to 
reduce  the  main  circulation  temperature  below  200  K. 
♦ONERA/CERT.  BP  4025.  31055  Toulouse  Cedex.  France 

71  ‘Christophe.  J.:  Projet  de  Soufflerie  Transsonique  Euro- 
peenne  A  Grand  Nombre  de  Reynolds.  (Transonic  European  Wind 
Tunnel  Project  for  High  Reynolds  Numbers.)  Association  Aeronau¬ 
tique  et  Astronautique  de  France.  AAAF-NT-  78-01 .  Presented  at  the 
14th  Colioque  d'Aerodynamique  Appliquee.  Toulouse.  France.  Nov 
7-9, 1977. 34  pp.  Available  NTIS  and  CEDOCAR.  Paris.  (In  French.) 

N79-231 18# 

Work  hom  1968  to  the  final  joint  recommendation  to  build  a 
cryogenic  transonic  high  Reynolds  number  wind  tunnel  for  Euro¬ 
pean  governments  is  discussed.  Such  a  project  is  necessary  since 
actual  flight  performance  differs  from  low  Reynolds  number  tran¬ 
sonic  wind  tunnel  results.  Several  alternatives  were  proposed  and 
experimentally  tried  in  pilot  tests.  The  cryogenic  solution  was  finally 
recommended  as  static  pressure  and  power  can  be  kept  low  for  the 
same  Reynolds  number  The  proposed  wind  tunnel  »s  1.95x1.65  m 
square,  with  maximum  pressure  at  4.4  bars,  minimum  temperature  at 
120  K.  Mach  number  up  to  1.35.  and  Reynolds  number  up  to  40 
million  when  working  with  nitrogen  instead  of  air. 

‘ONERA,  BP  72. 92322  Chatillon  Cedex.  France 

72  *Duprlez,  F.:  Similitude.  Realisation.  Identification  et  Instru¬ 
mentation  des  Maquettes  d;Essais.  (Slmttttude,  Manufacturing, 
Identification,  and  Instrumentation  of  Teet  Models.)  Association 
Aeronautique  et  Astronautique  de  France.  AAAF-NT- 78-24.  38  pp. 
Presented  at  the  14th  Colioque  d’Aerodynamique  Appliquee.  Tou¬ 
louse.  France.  Nov.  7-9, 1977.  Available  NTIS  and  CEDOCAR,  Paris. 
(Ir  French  ). 

N79-23120# 


Several  aspects  of  present  aircraft  model  technology  are  sur¬ 
veyed.  Similitude  and  practical  choice  rules  are  discussed  as  well  as 
identification  and  instrumentation  techniques  Specifications  and 
manufacturing  are  illustrated  with  several  practical  examples,  such 
as  use  of  high  technology  composite  materials  (carbon  and  boron 
fibers):  increasing  application  of  numerical  control  manufacturing 
techniques,  the  rapid  development  of  microprocessor  use.  and 
adaptation  to  basic  technological  changes  such  as  cryogenic  wind 
tunnels. 

•University  of  Science  &  Technology.  Lille.  France 

73  ‘Bazin.  M.  Problemes  de  Construction  de  Maquettes  pour 
les  Souffferies  a  Grand  Nombre  de  Reynolds  (Construction  Prob¬ 
lems  Specific  to  Models  tor  High  Reynolds  Number  Wind  Tunnels.) 
Association  Aeronautique  et  Astronautique  de  France.  AAAF-NT- 
78-02.  ONERA-NT-1978-6  45  pp.  Presented  at  the  14th  Colioque 
d'Aerodynamique  Appliquee.  Toulouse.  France.  Nov.  7-9,  1977 
Available  NTIS  and  CEDOCAR.  Paris.  (In  F  ranch )  (The  English  trans¬ 
lation  follows  as  the  next  entry  .) 

N79-23124# 

The  state  of  the  art  is  surveyed  for  both  pressurized  and  cry¬ 
ogenic  wind  tunnel  alternatives.  Materials,  feasible  dimensions, 
safety  problems,  cost,  instrumentation,  etc.,  are  discussed  by  model 
construction  experts.  Feasibility  is  demonstrated,  although  an  effort 
to  reduce  developing  time  is  still  necessary.  Present  limitations 
include  balances  and  model  supports.  New  methods  or  materials 
will  be  necessary  to  replace  local  gages  in  the  case  of  cryogenic 
systems. 

•ONERA.  BP  72.  92322  Chatillon  Cedex,  France 

74  ‘Bazin,  Maurice:  Construction  Problems  tor  High  Reynolds 
Number  Wind  Tunnel  Models.  Presented  at  the  1 4th  Colioque  d'Ae- 
rodyn.  Appl.  de  I'Assoc  Aeron  et  Astron.  de  France.  Toulouse. 
France,  Nov.  7-9. 1977.  European  Space  Agency.  Pans,  France  Rep 
No  ESA-TT-564.  June  1 979  50  pp.  This  is  the  English  translation  of 
ONERA-NT-1978-6. 

N80-12101# 

Design  structures,  problems  of  definition,  and  materials  tor  high 
Reynolds  number  wind  tunnel  models  are  discussed.  Models  for 
force  and  pressure  distributions,  air  intakes,  jet  simulation,  and 
dynamic  flutter  are  considered.  It  is  shown  that  deformations  in 
operation  under  the  effect  of  aerodynamic  and  thermal  loads  require 
new  measuring  techniques  and  the  adaptation  of  the  capacity,  ther¬ 
mal  protection,  and  calibration  methods  of  the  balance.  The  mechan¬ 
ical  strength  of  the  supports,  in  particular  the  risk  of  divergence,  and 
the  dynamic  behavior  of  the  mountings  are  the  most  severe  limita¬ 
tions  in  the  use  of  pressurized  wind  tunnels.  Thermal  problems  are 
added  in  a  cryogenic  environment  The  development  of  pressure 
measurement  methods  and  instruments  is  considered 
•ONERA.  BP  72.  92322  Chatillon  Cedex.  France 

75  ‘Stollery.  J.  L;  and  “Murthy.  A.  V  .  An  Intermittent  High* 
Reynolds- Number  Wind  Tunnel.  Aeronautical  Quarterly,  vol.  28, 
Nov  1977.  pp.  259-264.  (A76-20193).  AIAA  10th  Aerodynamic  Test¬ 
ing  Conference.  San  Diego.  Calif..  Apr.  19-21 . 1978.  Also,  nth  ICAS 
Congress,  Lisbon,  Portugal.  Sept.  10-16, 1978.  Proceedings,  vol.  1. 
pp  461-465  (A79-20116#) 

AIAA  paper  78-766  A78-32327# 

The  paper  suggests  a  simple  method  of  generating  intermittent 
reservoir  conditions  for  an  intermittent  cryogenic  wind  tunnel.  This 
can  be  done  by  operating  some  existing  types  of  short-duration 
tunnels  "in  reverse  ”  Two  examples  are  considered:  (1)  a  modifica¬ 
tion  of  the  Ludwieg  T ube  and  (2)  the  laentropic  Light  Piston  T unnel 
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The  sizes  of  tunnels  required  to  meet  the  European  and  American 
specifications  for  a  high  Reynolds  number  tunnel  with  a  10  second 
running  time  are  given  together  with  proposals  for  a  more  modest 
national  or  university  facility  with  a  one  second  test  time. 

•Cranfield  Institute  of  Technology.  Cranfield.  Bedford  MM3  OAL. 
UK 

* ‘National  Aero.  Lab  .  Bangalore.  India 

76  *Haut.  Richard  Carl:  Evaluation  ot  Hydrogen  aa  a  Cryogenic 
Wind  Tunnel  Test  Gas.  Ph  D  Thesis.  Old  Dominion  Univ.,  1977. 160 
pp.  Available  Univ.  Microfilms.  Order  #77-17259. 

N78-12103 

A  theoretical  analysis  ot  the  properties  of  hydrogen  was  made  to 
determine  the  suitability  of  hydrogen  as  a  cryogenic  wind  tunnel  test 
gas  By  using  cryogenic  hydrogen  a  significant  increase  in  the  test 
Reynolds  number  is  achieved  without  increasing  the  aerodynamic 
loads.  Nondimensional  ratios  used  to  describe  various  flow  situa¬ 
tions  in  hydrogen  determined  that  cryogenic  hydrogen  is  unaccep¬ 
table  as  a  wind  tunnel  test  gas  in  a  compressible  flow  situation.  At 
low  Mach  numbers,  however,  in  the  incompressible  flow  regime, 
cryogenic  hydrogen  is  acceptable  Hydrogen  properties  and  fan 
drive- power  requirements  related  to  a  hydrogen  wind  tunnel  were 
also  examined 

•Old  Dominion  University,  Norfolk.  VA.  23508 

77  ‘Goodyer.  M  J  The  0.1  m  Subsonic  Cryogenic  Tunnel  at  the 
University  of  Southampton.  NASA  CR- 145305.  Jan.  1978.  43  pp. 

N78- 18086# 

The  design  and  performance  of  a  low  speed  one  atmosphere 
cryogenic  wind  tunnel  is  described.  The  tunnel  is  fan  driven  and 
operates  over  the  temperature  range  305  K  to  77  K  at  Mach  numbers 
up  to  0  28  it  is  cooled  by  the  injection  and  evaporation  of  liquid 
nitrogen  in  the  circuit,  and  the  usual  test  gas  is  nitrogen.  The  tunnel 
has  a  square  test  section  0.1  m  across  and  was  built  to  allow,  at  low 
costs,  the  development  of  testing  techniques  and  the  development  of 
instrumentation  for  use  in  cryogenic  tunnels,  and  to  exploit  in 
general  instrumentation  work  the  unusually  wide  range  of  unit  Rey¬ 
nolds  number  available  in  such  tunnels.  The  tunnel  was  first  used  in 
the  development  of  surface  flow  visualization  techniques  tor  use  at 
cryogenic  temperatures. 

•The  University,  Southampton  S09  5NH.  Hampshire,  U  K. 

NASA  Grant  NSG-7172 

78  *Ray,  Edward  J.:  Langley's  Two- Dimensional  Research 
Facilities:  Capabilities  and  Plans.  In  "Advanced  Technology  Airfoil 
Research.”  Vol.  1 ,  Part  I,  Mar.  7-9, 1978. 

N79-20030  (pp  399-414) 

N79-20055# 

The  current  capabilities  and  the  forthcoming  plans  for  Langley's 
two-dimensional  research  facilities  are  described.  The  characteris¬ 
tics  of  the  Langley  facilities  are  discussed  in  terms  of  Reynolds 
number.  Mach  number,  and  angle-of-attack  capabilities.  Comments 
are  made  with  regard  to  the  approaches  which  have  been  investi¬ 
gated  to  alleviate  typical  problem  areas  such  as  wall  boundary 
effects.  Because  of  the  need  for  increased  Reynolds  number  capa¬ 
bility  at  high  subsonic  speeds,  a  considerable  portion  of  the  paper 
deals  with  a  description  of  the  20  by  60  cm  two-dimensional  test 
section  of  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel,  which  is 
currently  in  the  calibration  and  shakedown  phase. 

•NASA,  Langley  Research  Center.  Hampton,  VA,  23665 


79  *Ladson,  Charles  L  A  New  Airfoil  Research  Capability.  In 
"Advanced  Technology  Airfoil  Research."  Vol  1.  Part  I.  Mar  7-9, 
1978 

N 79- 20030  (pp  425-432) 
N79-20057# 

The  design  and  construction  ol  a  self- streamlining  wall  test 
section  for  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  was 
included  in  the  fiscal  year  1978  construction  of  facilities  budget  for 
Langlev  Research  Center  The  design  is  based  on  the  research 
being  carried  out  by  M  .  J.  Goodyer  at  the  University  of  Southampton. 
Southampton.  England,  and  is  supported  by  Langley  Research  Cen¬ 
ter.  This  paper  presents  a  brief  description  of  the  protect  Included 
are  some  of  the  design  considerations,  anticipated  operational  enve¬ 
lope.  and  sketches  showing  the  detail  design  concepts.  Some 
details  of  the  proposed  operational  mode,  satety  aspects,  and  preli¬ 
minary  schedule  are  presented 
•NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

80  •Nicks,  Oran  W.;  and  •McKinney,  Linwood  W..  Statue  and 
Operational  Characteristics  of  th#  National  Transonic  Facility.  10th 
AIAA  Aerodynamic  Testing  Conference,  San  Diego.  Calif.,  Apr. 
19-21, 1978.  Technical  Papers,  pp  40-42. 

AIAA  paper  78-770  A78-32331# 

This  paper  discusses  the  development  and  capabilities  of  the 
National  Transonic  Facility  which  is  planned  for  operation  in  1981 
The  fan -drive,  cryogenic-pressurized.  closed-return  facility  wilt 
have  operating  parameters  of:  01-12  Mach.  1-9  bars  pressure. 
78-340  K.  1 50  dB  sound  pressure,  and  *0.001  rms  turbulence  inten¬ 
sity.  These  operating  conditions  have  been  selected  on  the  basis  ot 
several  current  and  future  aircraft  and  space  transportation  systems. 
The  facility  will  provide  full-scale  testing  conditions  for  calculating 
subsonic  drag,  airloads,  and  stability  and  control  information  Data 
for  pre-test  conditions,  on-line  information,  and  post-test  analysis 
will  be  computer-processed. 

•NASA,  Langley  Research  Center.  Hampton,  VA,  23665 

81  *lnger,  G.  R.:  On  the  Simulation  ot  Transonic  Shock- 
Turbulent  Boundary  Layer  Interaction*  In  Cryogenic  or  Heavy  G as 
Wind  Tunnels.  VPI-Aero-080,  April  1978.  26  pp.  Presented  at  10th 
AIAA  Aerodynamic  Testing  Conference.  San  Diego,  Calif.,  pp. 
285-292.  Apr.  19-21,  1978.  Also  Journal  of  Aircraft  vol.  16.  no.  4. 
April  1979.  pp.  284-287. 

AIAA  paper  78-808  N78-24501# 

A78-32362# 

The  role  of  the  basic  similitude  parameters  governing  transonic 
normal  shock-turbulent  boundary  layer  interaction  effects  in  cryo¬ 
genic  wind  tunnel  tests  is  studied  theoretically  for  the  non -separating 
case.  Besides  Mach  and  Reynolds  number,  these  parameters  are 
the  wall  to  total  temperatures  ratio,  specific  heat  ratio  7  •  viscosity - 
temperature  exponent  and  Prandtl  number.  The  results  show  that 
lack  of  temperature  ratio  simulation  has  a  significantly  adverse  effect 
on  interactive  skin  friction  and  hence  separation  onset  compared 
to  the  adiabatic  free  flight  case;  higher  7 's  than  air  also  may  have 
some  effect 

•Virginia  Polytechnic  Institute  and  State  University.  Blacksburg. 
VA,  24060 

82  *Hall,  Robert  M.:  Condensation  and  Hs  Growth  Down  the 
Test-Section  of  the  Langley  0.3-M  Transonic  Cryogenic  Tunnel. 

10th  AIAA  Aerodynamic  Testing  Conference,  San  Diego.  Calif.,  Apr. 
19-21, 1978.  Technical  Papers,  pp.  301-304. 

AIAA  paper  78-81 1 


A?'  32365# 
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Four  total  pressure  probes  were  used  to  measure  the  growth  ot 
condensation  down  the  test  section  ot  the  Langley  0.3-m  tunnel,  and 
the  condensation  data  were  employed  to  verity  a  mathematical 
model  which  assumes  condensation  results  from  heterogeneous 
nudeation  on  preexisting  seed  particles  The  onset  ot  effects  occ  urs 
throughout  the  test  section  at  the  same  total  temperature  but  the 
magnitude  ot  the  effects  increases  with  increasing  length  down  the 
test  section  Condensation  is  important  because  it  determines  the 
minimum  operating  temperature  of  transonic  cryogenic  wind 
tunnels. 

•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

83  *Hartzuiker.  J.  P ;  and  *  North.  R.  J  :  The  European  Transonic 
Wind-Tunnel  Project.  ICEC  7;  Proceedings  of  the  7th  tnt.  Cryogenic 
Engineering  Conference.  London.  England,  July  4-7.  1978,  pp. 
322-330 

A79-31021 

In  1 978,  tour  European  nations  agreed  to  cooperate  in  develop¬ 
ing  a  large  transonic  high-Reynolds-number  wind  tunnel  which 
would  use  cold  nitrogen  gas  as  the  test  medium.  A  test  section  size  of 
1.95  m*l.65  m  is  envisaged.  A  continuous  fan  drive  would  provide 
runs  with  10  periods  ol  data  acquisition,  each  lasting  1 0  sec;  a  typical 
day  could  yield  four  runs.  Cryogenic  engineering  problems  related 
to  the  construction  of  the  wind  tunnel  are  also  considered. 

•Technical  Group.  ETW,  National  Aerospace  Laboratory.  Anthony 
Fokkerweg  2.  1059  CM  Amsterdam.  The  Netherlands 

84  *Michel.  R„  and  *Faulmann.  0.:  Preliminary  Teats  in  a  Cry¬ 
ogenic  Transonic  Wind  Tunnel  Driven  by  Induction.  ONERA  TP- 
1 978-48E  Also.  La  Recherche  Aerospatiale,  vot.  1 85.  no  4.  Jufy-Aug. 
1978,  pp.  205-207.  (In  French).(For  an  abstract  in  English,  see  the 
following  entry.) 

A79- 15300# 

•ONERA/ CERT.  BP  4025.  31055  Toulouse  Cedex.  France 

85  "Michel.  R.;  and  ‘Faulmann,  D  Preliminary  Teata  in  a  Cry- 
ogenic  Wind  Tunnel  Driven  by  Induction.  ONERA-TP-1978-48E, 
July  1 978. 9  pp.  Translated  into  English  from  La  Recherche  Aerospa¬ 
tiale.  Bulletin  Bimestrial  (Paris)  No.  1978-4,  July-Aug.  1978.  pp. 
205-207. 

N80-12019# 

A  V«  scale  cryogenic  operation  pilot  wind  tunnel  test  for  higher 
Reynolds  number  was  performed  to  verify  a  liquid  nitrogen  injection 
fast  cooting  process.  The  cryogenic  operation  was  combined  with 
an  induction  driven  operation  in  the  hope  that  the  short  flow  duration 
will  give  rise  to  a  decrease  in  the  wall  and  model  surface  tempera¬ 
ture  only,  avoiding  some  technological  problems.  Operation 
temperatures  down  to  100  K  were  obtained.  Thin  layers  of  wall 
insulation  are  shown  to  be  efficient  in  containing  nitrogen  consump¬ 
tion.  It  is  concluded  that  the  simplicity  ot  implementation  makes  the 
process  promising  for  adapting  existing  wind  tunnels  to  cryogenic 
operation. 

•ONERA/CERT,  BP  4025.  31055  Toulouse  Cedex,  France 

•6  *Hottner,  T.:  Anwendung  der  Tieftemperaturtechnik  im  stro- 
mungstechen  Versuchswesen.  (The  Application  ol  Cryogenics  In 
Experimental  Aerodynamics).  Ingenieur- Archiv,  vot.  47,  no.  4, 1978. 
pp  241-256  For  translation,  see  NASA  TM- 75385. 

A78- 48982  (In  German) 
X79- 10099  (T ranslation) 

The  application  of  cryogenics  in  wind  tunnel  design  offers  an 
increase  in  Reynolds  number  simulation  at  simultaneously  reduced 


drive  power  for  the  wind  tunnel  compressor  compared  to  a  wind 
tunnel  driven  at  normal  temperatures.  The  price,  however,  is  an 
additional  cryogenic  power.  The  report  is  concerned  with  the  ener¬ 
getic  aspect  of  cryotechnics  in  wind  tunnel  technique  With  restric¬ 
tion  only  on  cryogenic  power  due  to  tunnel  process- heat  the  con¬ 
tinuously  running  tunnel  with  closed  circuit  and  the  blow -down -storage 
tunnel  are  investigated.  Finally,  the  possibility  of  reducing  cryogenic 
power  using  heavy  gases  as  test  medium  is  discussed. 

•Stuttgart  University.  Pfaffenwaldring  21. 0-7000  StuRgarl  80.  West 
German/  iFRG) 

87  ‘Hartzuiker.J.  P.,  and  "North.  R.  J  :  The  European  Transonic 
Wlndtunnaf  (ETW)  for  High  Reynolds -Number  Testing.  Presented  at 
the  1 1th  Congress  of  ICAS.  Lisbon,  Spam.  11-16  Sept,  1978,  Rep. 
No.  TG-ETW/D2.  Sept.  1978.  9  PP- 

A81- 14387#  (pp.  94-103) 

A  joint  project  of  four  nations  (France,  Germany.  The  Nether¬ 
lands,  and  U.  K.)  to  define,  and  later  to  construct  a  new  European 
high-Reynolds-number  transonic  windtunnel  using  cold  nitrogen 
gas  as  the  test  medium  is  described.  The  concept  of  windtunnel 
testing  at  cryogenic  temperatures  is  discussed  and  a  brief  descrip¬ 
tion  ot  the  proposed  tunnel,  as  it  is  envisaged  at  present  is  given. 

•Technical  Group.  ETW,  National  Aerospace  Laboratory,  Anthony 
Fokkerweg  2. 1059  CM  Amsterdam.  The  Netherlands 

88  ‘Kell,  D.  M.:  A  Surface  Flow  Visualization  Technique  for  Use 
In  Cryogenic  Wind  Tunnels.  Aeronautical  Journal,  vol.  82,  Nov.  1978, 
pp  484-487. 

A79-20795 

A  method  of  surface  flow  visualization  for  use  in  cryogenic  wind 
tunnels  is  described  which  requires  injection  of  a  cryogenic  liquid 
onto  the  model  white  the  tunnel  is  running.  This  necessitates  die  use 
of  a  substance  that  remains  liquid  over  a  large  range  of  cryogenic 
wind  tunnel  operating  temperatures.  It  is  found  that  propane  (C3H8) 
is  a  suitable  substance.  Experiments  are  conducted  in  a  subsonic 
cryogenic  wind  tunnel  to  assess  the  practical  application  of  liquid 
propane  flow  visualization.  The  propane  is  stored  in  a  chamber 
cooled  by  liquid  nitrogen  and  when  required  is  pumped  through 
pipes  to  a  gallery  inside  the  model  and  then  out  onto  the  surlace 
through  small  holes.  To  color  the  liquid  a  suspension  of  pigment 
particles  is  used.  Propane  is  supplied  to  the  cooled  chamber  in 
gaseous  form  from  a  standard  liquefied  gas  cylinder.  The  sequence 
of  events  is  illustrated  on  a  propane  temperature-entropy  diagram. 
The  use  of  liquefied  propane  for  flow  visualization  in  a  cryogenic 
wind  tunnel  operating  at  pressures  up  to  40  atm  appears  to  be 
feasible.  Illustrative  examples  are  provided. 

•British  Aerospace,  Weybridge.  Surrey,  U.K. 

Grant  NSG-7172 

88  *Cleusing,  A.  M.;  ‘Clark.  G.  L.  and  ‘Mueller.  M  H.:  The  Cry¬ 
ogenic  Heat  Transfer  Tunnel— A  New  Tool  lor  Convective  Research. 
Presented  at  the  Winter  Annual  Meeting.  ASME.  San  Francisco. 
Calif.,  Dec.  10-15, 1978,  pp.  73-78. 

A79-24316# 

A  novel  heat  transfer  technique,  the  use  of  cryogenic  tempera¬ 
tures  for  convective  modeling,  is  used  in  this  study  in  order  to 
simultaneously  obtain  large  Grashof  and  Reynolds  numbers  on  a 
vertical  cylinder.  The  research  is  motivated  by  the  need  to  predict 
combined  convective  losses  from  large,  high-temperature  objects 
such  as  solar  ‘’power  tower"  receivers  where  the  magnitudes  of  both 
the  Grashof  and  Reynolds  numbers  are  large.  The  cryogenic  he»t 
transfer  tunnel  provides  an  economical  method  of  obtaining  these 
large  Grashof  and  Reynolds  numbers  with  an  appropriate  and 
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nearly  constant  Prandtl  number,  thus  >t  is  an  excellent  tool  tor  study 
of  convective  heat  transfer  Low -temperature  modeling,  a  cryogenic 
testing  facility,  and  a  transient  measurement  technique  are  discussed 
•University  of  Illinois  at  Urbana-Champaign,  Urbana.  IL.  61801 
Research  supported  by  Dept  of  Energy 
Research  Grant  No  87-9180 

90  *Haf».  Robert  M ,  and  ••Kramer,  Susan  A  A  Review  of  “At 
Reef  Droplet  Growth  Equations  for  Condensing  Nitrogen  In  Tran¬ 
sonic  Cryogenic  Wind  Tunnels.  NASA  TM-78821 ,  Jan  1979  36  pp 

N 79- 150019 

Droplet  growth  equations  are  reviewed  in  the  free-molecular, 
transition,  and  continuum  flow  regimes  with  the  assumption  that  the 
droplets  are  “at  rest'  with  respect  to  the  vapor  As  comparison 
calculations  show,  it  is  important  to  use  a  growth  equation  designed 
for  the  flow  regime  of  interest  Otherwise,  a  serious  over -prediction 
of  droplet  growth  may  result  The  growth  equation  by  Gyarmathy 
appears  to  be  applicable  throughout  the  flow  regimes  and  involves 
no  iteration.  His  expression  also  avoids  the  uncertainty  associated 
with  selecting  a  mass  accommodation  coefficient  and.  conse¬ 
quently.  involves  less  uncertainty  in  specifying  adjustable  parame¬ 
ters  than  many  of  the  other  growth  equations 

•NASA.  Langley  Research  Center,  Hampton.  VA,  23665 
••University  of  Virginia.  Charlottesville.  VA.  22901 

91  *8ursik,  Joseph  W.  and  **Hall,  Robert  MMetastabte  Sound 
Speed  in  Gas- Liquid  Mixtures.  NASA  TM-7881 0.  Mar  1979.  54  pp 

N79-20339# 

A  new  method  of  calculating  speed  of  sound  for  two-phase  flow 
is  presented.  The  new  equation  assumes  no  phase  change  during 
the  propagation  of  an  acoustic  disturbance  and  assumes  that  only 
the  total  entropy  of  the  mixture  remains  constant  during  the  process. 
The  new  equation  predicts  single-phase  values  for  the  speed  of 
sound  in  the  limit  of  all  gas  or  all  liquid  and  agrees  with  available 
two-phase,  air-water  sound  speed  data  Other  expressions  used  in 
the  two-phase  flow  literature  for  calculating  two-phase,  metastable 
sound  speed  are  reviewed  and  discussed.  Comparisons  are  made 
between  the  new  expression  and  several  of  the  previous  ex¬ 
pressions — most  notabty  a  triply  isentropic  equation  as  used,  among 
others,  by  Karplus  and  by  Wallis.  Appropriate  differences  are 
pointed  out  and  a  thermodynamic  criterion  is  derived  which  must  be 
satisfied  in  order  for  the  triply  isentropic  expression  to  be  thermody¬ 
namically  consistent.  This  criterion  is  not  satisfied  for  the  rases 
examined,  which  included  two-phase  nitrogen,  air-water,  two- 
phase  parahydrogen.  and  steam-water  Consequently,  the  new 
equation  derived  is  found  to  be  superior  to  the  other  equations 
reviewed. 

•Rensselaer  Polytechnic  Institute,  Troy.  NY,  12181 
••NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

92  First  International  Symposium  on  Cryogenic  Wind  Tunnels. 

University  of  Southampton.  U  K..  April  3-5, 1979. 

A80-24077 

The  first  paper  presented  served  as  an  introduction  to  the  con¬ 
ference.  The  history  of  the  development  of  cryogenic  wind  tunnels 
was  given  and  suggestions  made  for  future  research  to  make  tun¬ 
nels  of  this  kind  even  more  valuable.  Thirty-five  additional  papers 
were  presented  grouped  under  the  following  topics:  Instrumenta¬ 
tion.  Cryogenic  Tunnels  with  Magnetic  Levitation,  Liquid  and 
Gaseous  Nitrogen  Flow  Properties.  Cryogenic  Tunnel  Technology. 
Tunnel  Controls.  Heat  Transfer  Topics,  Model  Design,  and  Reports 
on  T unnel  Projects.  (Copies  of  this  Symposium  are  available  from  Dr. 


M  J  Goodyer,  Dept  of  Aeronautics  &  Astronautics,  The  University 
Southampion  S09  5NH,  Hampshire,  U  K  ) 

93  *Goodyer,  M  J  The  Evolution  of  the  Cryogenic  Wind  Tun¬ 
nel.  Paper  no  1. 1st  Int  Symp  on  Cryogenic  Wind  Tunnels.  South¬ 
ampton,  U  K  ,  Apr  3  5.  1979 

A 80-24078# 

The  mam  aim  of  this  paper  is  to  trace  the  key  events  in  the 
emergence  of  the  cryogenic  wind  tunnel,  events  which  led  therefore 
to  this  Symposium,  to  learn  of  its  present  state  of  development  and  to 
gam  msightmto  the  future  pattern  of  evolution  A  secondary  aim  tsto 
attempt  to  influence  evolution  by  drawing  attention  to  areas  of 
endeavour  which  are  not  receiving  the  degree  of  research  effort 
which  may  be  justified. 

•The  University,  Southampton  S09  5NH,  Hampshire,  U  K 

94  *83210.  Maurice,  and  *Dubois.  Maurice:  Balance  and  Sting 
Design  for  Cryogenic  Wind  Tunnels.  Paper  no  2,  1st  Int  Symp  on 
Cryogenic  Wind  Tunnels.  Southampton.  U  K  .  Apr^  3-5.  1979 
ONERA-TP- 1979-40 

A79- 39089# 

The  orientations  and  thoughts  leading  to  the  concept  of  balan¬ 
ces  and  stings  usable  in  the  future  European  Transonic  Windfunnef 
(ETW)  are  presented  in  this  paper  They  constitute  the  starting  point 
ol  a  national  research  program,  integrated  within  the  European 
program  The  domain  considered  is  that  of  ETW  cryogenic  runs  of 
about  10  minutes,  from  1 20  to  300  K;  stagnation  pressure  1  to  4  4  bar 
Mach  0.2  to  1.35. 

•ONERA.  BP  72,  92322  Chatillon  Cedex.  France 

95  *Krogmann.  Paul;  and  *lorenz-Meyer,  Wolfgang  Design 
ard  Testing  of  an  Unheated  Strain  Gauga  Batanca  Element  for 

Temperatures.  Paper  no  3.  1st  Int  Symp  on  Cryogenic 
Wina  funnels,  Southampton,  UK..  Apr,  3-5, 1979 

A80-24079# 

In  order  to  develop  unheated  strain  gauge  balances  for  use  in 
cryogenic  wind  tunnels  at  low  temperatures,  experiments  were 
undertaken  at  DFVLR  Goettingen  on  single-component  elements 
which  were  made  of  different  steels  and  were  equipped  with  differ¬ 
ent  types  of  strain  gauges  Disappointingly  bad  results  were 
obtained  when  unsuitable  strain  gauges  were  used  on  two  identical 
elements  of  austenitic  stainless  steel  Subsequent  experiments  with 
another  type  of  strain  gauge  on  the  same  elements  showed  better 
but  still  poor  results,  which  obviously  have  to  be  attributed  to 
temperature  dependent  variations  of  the  material  properties.  Finally, 
another  element  was  manufactured  of  different  steel  This  element  in 
connection  with  suitable  strain  gauges,  so  far  has  given  most  prom  - 
ising  results. 

•DFVLR.  Bunsenstrasse  10.  D-3400  Goettingen.  West  Germany 
(FRG) 

98  *Liou$se.  F  ;  *Calvet,  P..  and  ‘Giovannim.  A  Experimental 
Study  of  Thermoreeletlve  Sensors  Under  Cryogenic  Conditions. 

Paper  no.  4. 1st  lot.  Symp.  on  Cryogenic  Wind  Tunnels,  Southamp¬ 
ton.  U.K..  Apr.  3-5, 1979 

A80-24080# 

Thermoresistive  sensors  (commercially  available  “hot''  wire  or 
film  type  probes)  are  tested  under  steady  and  unsteady  cryogenic 
flows  in  order  to  determine  their  aptitude  to  operate  in  cryogenic 
wind  tunnels  for  instantaneous  temperature  and  velocity  measure¬ 
ments.  Some  specific  devices  have  been  designed  They  consist  of  a 
small  calibration  tunnel  performing  controlled  velocity  variations 
and  an  electronic  thermometer  with  a  built-in  circuit  which  permits 
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m  situ  measurement  of  response  time  of  the  sensors. 
•ONERA/CERT.  BP  4025.  31055  Toulouse.  Cedex,  France 

97  •Hartzuiker,  J  P .  and  *  North,  R.  J.:  A  Progress  Report  on  the 
European  Transonic  Wtndtunnot  Project  Paper  no  5. 1  st  Int  Symp 
on  Cryogenic  Wind  Tunnels.  Southampton,  U  K..  Apr  3-^  1979. 

A80-24082* 

This  paper  was  written  about  a  year  after  the  start  of  the  Prelimi¬ 
nary  Design  Phase  of  ETW  The  organizational  structure  was  estab¬ 
lished.  the  preliminary  design  of  the  pilot  tunnel  was  finished  and 
that  of  ETW  was  well  under  way  A  substantial  cryogenic  technology 
programme  had  been  initiated  Strong  support  was  being  given  from 
many  quarters  to  the  work  of  the  Technical  Group  A  further  Memo- 
randum  of  Understanding  for  the  next  Phase  or  Phases  was  under 
consideration  and  preparations  were  being  made  for  a  decision  on 
the  site  This  all  represented  real  progress  towards  the  realization  of 
the  European  Transonic  Windtunnel  in  the  mid-1980  s 
•Technical  Group.  ETW.  National  Aerospace  Laboratory,  Anthony 
Fokkerweg  2,  1059  CM  Amsterdam.  The  Netherlands 

9ft  *  Nelander,  Curt  A  Seif- Contained  Cryogenic  Ak  Supply  Sys¬ 
tem  for  a  Transonic  Blow -Down  Tunnai.  Paper  no.  6, 1  St  Int.  Symp. 
on  Cryogenic  Wind  Tunnels.  Southampton,  U  K.  Apr.  3-5. 1979. 

A80- 24083# 

A  high  pressureair  supply  system  can  be  used  not  only  to  feed  a 
wind  tunnel  but  also  to  reduce  the  total  enthalpy  of  the  gas.  This  can 
be  done  by  various  methods  and  to  such  an  extent  that  cryogenic 
stagnation  temperatures  are  achieved.  The  paper  deals  with  some 
different  methods  which  could  be  used  to  incorporate  the  cold¬ 
generating  process  into  the  wind  tunnel  run  sequence.  It  is  shown 
that  with  a  huge  low  pressure  air  storage  already  on  hand  (as  the 
case  »s  at  FFA)  the  most  attractive  scheme  should  be  to  store  the  cold 
outlet  air  from  the  tunnel  and  to  use  this  low  enthalpy  gas  for  cooling 
off  the  compressed  air  when  the  high  pressure  storage  is  recharged. 

•Aktiebolaget  Rollab,  Jarvstigen  5.  Box  7073,  S-171  07  Solna. 
Sweden 

99  ‘Ashcroft  D.  H.;  and  *Emslie.  K.:  A  Cryogenic  Transonic 
Blowdown  Wind  Tunnel  Project  Paper  no.  7,  1st  Int  Symp.  on 
Cryogenic  Wind  Tunnels.  Southampton.  U.K..  Apr.  3-S,  1979. 

A80-24084# 

Combat  aircraft  operate  within  the  range  of  serious  scale  effects 
and  hence  wind  tunnel  tests  require  full  simulation  of  Reynolds 
number  if  seriously  misleading  results  are  to  be  avoided.  Although 
there  are  many  claims  on  the  capital  within  the  aircraft  industry  the 
provision  of  a  high  Reynolds  number  facility  will  produce  cost  effec¬ 
tive  returns.  Means  to  achieve  this  are  considered  relative  to  capital 
and  running  costs.  Long  experience  with  a  blowdown  to  atmosphere 
wind  tunnel  has  been  taken  as  the  basis  for  a  cryogenic  version. 
Injection  and  evaporation  of  liquid  nitrogen  downstream  of  the  air¬ 
flow  control  valve  will  cool  the  test  gas  to  flow  across  a  previously 
cooled  model.  The  test  gas  will  be  discarded,  despite  the  high  cost 
per  run.  because  the  alternatives  which  employ  natural  cooling 
processes,  recirculation  or  energy  saving  would  be  much  more 
costly  to  build  The  major  features  of  the  project  and  potential  per¬ 
formance  are  described  Comments  are  made  on  the  key  area9 
requiring  experimental  development  work  and  on  the  program  that 
will  be  undertaken  to  produce  a  successful  facility. 

•British  Aerospace,  Wharton  Aerodrome,  Preston  PR4  1  AX,  Lanca¬ 
shire.  U  K 

100  *Hutt.  G  R ,  and  'East,  R.  A..  Preliminary  Studies  of  a  Free 
Piston  Expander  for  an  Intermittent  Cryogenic  Wind  Tunnel.  Paper 


no  8, 1  st  Int.  Symp  on  Cryogenic  Wind  T unnels.  Southampton.  U  K  . 
Apr  3-5,  1979 

A80- 24085# 

The  purpose  of  the  current  work  is  to  presen*  preliminary  exper¬ 
imental  results  of  measurements  of  the  tunnel  stagnation  tempera¬ 
tures  which  may  be  achieved  in  a  small  scale  free  piston  device  and 
to  determine  the  effect  of  heat  transfer  from  the  tube  on  the  uniformity 
of  the  conditions  achieved.  Results  are  presented  of  experiments 
using  a  tfnali  scale  free  piston  expansion  drive  system  proposed  by 
Stollery  and  Murthy  for  an  intermittent  cryogenic  wind  tunnel  The 
feasibility  of  the  proposed  operating  principle  has  been  demon¬ 
strated  and  measurements  of  pressure  and  temperature  during  the 
expansion  and  run  periods  are  compared  with  the  predictions  of  a 
simple  theoretical  model. 

•The  University.  Southampton  S09  5NH,  Hampshire.  U  K. 

101  *Haldeman.  Charles  W.;  ••Kramer,  Richard,  A.;  and  *Way. 
Peter.  Developments  at  M.l.T.  Related  to  Magnetic  Model  Suspen¬ 
sion  and  Balance  Systems  for  Large  Scale  Facilities.  Paper  no.  9, 1  st 
Int.  Symp.  on  Cryogenic  Wind  Tunnels.  Southampton,  U.K..  Apr3-5. 
1979 

A80-24087# 

Magnetic  model  suspension  and  balance  systems  for  wind 
tunnel  use  have  been  designed,  tested  and  used  at  M.I.T.'s  Aero- 
physics  Laboratory  for  over  eighteen  years.  Despite  this  experience, 
which  demonstrates  the  utility  and  durability  of  the  magnetic  model 
suspension  and  balance  systems,  no  large-scale  system  has  yet 
been  constructed  for  use  anywhere  in  the  world.  This  appears  to  be 
principally  due  to  the  large  capital  cost  of  such  a  facility.  This  paper 
presents  several  attributes  of  magnetic  balance  systems  which 
make  them  attractive  for  use  in  large-scale  cryogenic  facilities  and 
reports  on  recent  developments  in  model  roll  control  and  supercon  - 
ducting  coil  construction,  which  enhance  system  versatility  and 
reduce  the  electrical  power  requirements. 

•Aerophysics  Laboratory,  Massachusetts  Institute  of  Technology. 

Cambridge.  MA,  02139 

••Arizona  State  University.  Tempe.  A Z.  85281 

102  ‘Britcher.  C.  P.;  *Goodyer.  M  J.:  The  Southampton  Univer¬ 
sity  Magnetic  Suspension /Cryogenic  Wind  Tunnel  Facility.  Paper 
no  10.  1st  Int  Symp  on  Cryogenic  Wind  Tunnels.  Southampton. 
U  K..  Apr  3-5, 1979. 

A80-24088# 

Scaling  laws  relating  design  parameters  of  magnetic  suspen¬ 
sion  and  balance  systems  to  wind  tunnel  test  conditions  are  identi¬ 
fied.  Reduction  of  test  temperature  is  found  to  be  the  most  attractive 
and  powerful  technique  ol  reducing  the  cost  of  a  magnetic  suspen¬ 
sion  facility  for  specific  test  Reynolds  number  and  Mach  number 
requirements.  Details  of  the  adaption  of  a  small,  low-speed,  fan 
driven  cryogenic  wind  tunnel  for  use  with  a  magnetic  suspension 
and  balance  system  are  given.  Aerodynamic  data  have  been  ac¬ 
quired  from  a  model  suspended  in  the  new  facility  over  a  wide  range 
of  tunnei  conditions.  Temperature  is  shown  to  have  small  effect  on 
the  magnetization  of  the  model  magnetic  cores  Studies  of  the  effect 
have  begun. 

•The  University,  Southampton  S09  5NH.  Hampshire,  U  K. 

103  ‘Kilgore,  R.  A.,  *lgoe,  William  B  ;  *  Adcock,  Jerry  B.,  *HaH. 
Robert  M.;  and  *  Johnson,  Charles  B.:  Full-Scale  Aircraft  Simulation 
With  Cryogenic  Tunnels  and  Statue  of  the  National  T ranaonlc  Facu¬ 
lty.  Paper  no.  1 1.  1st  Int.  Symp.  on  Cryogenic  Wind  Tunnels. 
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Southampton.  U  K .  Apr.  3-5.  1979  NASA  TM-80085  18  pp 
(N79-26064#) 

A80-24090# 

Theoretical  studies  to  determine  the  effect  of  thermal  and 
caloric  imperfections m  cryogenic  nitrogen  on  boundary  layers  indi¬ 
cate  that  m  order  to  simulate  nonadiabatic  laminar  or  turbulent 
boundary  layers  in  a  cryogenic  nitrogen  wind  tunnel,  the  flight 
enthalpy  ratio,  rather  than  the  temperature  ratio,  should  be  repro¬ 
duced.  The  absence  of  significant  real-gas  effects  on  both  viscous 
and  mvtscid  flows  makes  it  unlikely  that  there  will  be  large  real-gas 
effects  on  the  cryogenic  tunnel  simulation  of  shock  boundary-layer 
interactions  or  other  complex  flow  conditions  encountered  in  flight 
Experimental  and  theoretical  studies  on  condensation  effects  to 
determine  the  minimum  usable  temperature  indicate  that  under  most 
circumstances  Iree-stream  Mach  number  rather  than  maximum 
local  Mach  number  determines  the  onset  of  condensation  effects 
Progress  is  well  underway  on  a  major  application  of  the  cryogenic 
wind-tunnel  concept  with  the  construction  of  the  U  S  National  T ran  - 
sonic  Facility  at  the  Langley  Research  Center  This  new  tunnel  is 
scheduled  to  become  operational  by  1 982  Not  only  will  it  provide  an 
order  of  magnitude  increase  in  Reynolds  number  capability  over 
existing  U  S  tunnels,  but  also  because  of  the  ability  to  vary  pressure, 
Mach  number,  and  temperature  independently,  it  will  be  able  to 
perform  the  highly  desirable  research  task  of  separating  aeroelastic. 
compressibility,  and  viscous  effects  on  the  aerodynamic  parameters 
being  measured 

*  NASA.  Langley  Research  Center,  Hampton,  VA.  23665 

104  'Edmundson,  I.  C  The  Generation  Of  Cryogenic  Tempera¬ 
ture*  by  High  Pressure  Expansion.  Paper  no  12.  1st  Ini  Symp  on 
Cryogenic  Wind  Tunnels.  Southampton,  U  K,  Apr  3-5.  1979 

A80-24091# 

In  designing  an  intermittent  cryogenic  tunnel  it  would  seem 
logical  to  create  the  conditions  intermittently  Stollery  proposed  that 
this  could  be  done  by  using  the  expansion  of  a  high  pressure  gas  A 
proposed  scheme  is  explained  In  the  calculation  an  adiabatic,  isen  - 
tropic  expansion  was  assumed.  This  paper  reviews  the  available 
experimental  evidence  to  examine  this  assumption  From  the  evi¬ 
dence  presented,  the  deviations  from  an  adiabatic,  isentropic 
expansion  has  important  implications  for  the  design  of  this  tunnel 
Previous  experimental  work  on  the  expansion  of  gases  has  shown 
that  these  deviations  are  significant.  Experimental  work  is  being 
carried  out  to  assess  a  more  realistic  configuration 
•Cranfield  Institute  of  Technology,  Cranfieid,  Bedford  MK43  OAL. 
UK 

105  'Blanchard.  A .  and  'Faulmann.  D  Progress  Report  on  s 
Cryogenic  PMof  Transonic  Wind  Tunnel  Driven  by  Induction.  Paper 
no  13.  1st  Int  Symp  on  Cryogenic  Wind  Tunnels,  Southampton. 
U  K  ,  Apr  3-5.  1979. 

A80- 24092# 

A  promising  solution  to  increase  the  Reynolds  number  without 
producing  too  many  technological  problems  seems  to  be  provided 
by  a  short  cryoge*  ic  operating  run.  in  which  the  cooling  is  ensured 
by  a  quick  injection  of  liquid  nitrogen  in  the  return  leg  circuit.  A  :h.n 
layer  of  internal  thermal  insulation  allows  a  reduction  of  thermal 
losses  and  nitrogen  consumption  This  solution  has  been  chosen 
for  transforming  existing  wind  tunnels,  and  in  particular  for  the 
adaptation  of  T2  for  cryogenic  operation  In  our  present  installation 
we  are  studying  and  resolving  satisfactorily  many  problems  con¬ 
nected  with  general  cryogenic  wind  tunnel  functioning  Many  prob¬ 
lems  of  low  temperature  operation  must  be  solved  through  such 


fundamental  studies  before  the  error  free  realization  of  larger  tun¬ 
nels  can  be  made 

'ONERA/CERT.  BP  4025  31055  Toulouse  Cedex.  France 

106  'Luneau.  James.  'Rochas.  Noel,  and  'Kirrmann,  Clement 
Preliminary  Study  of  the  Injection  Process  of  LNZ  in  a  Cryogenic 
Wind-Tunnel.  Paper  no  14. 1st  Int.  Symp.  on  Cryogenic  Wind  Tun¬ 
nels.  Southampton.  U  K  .  Apr.  3-5. 1979. 

A80-24093# 

The  Ecole  Nationale  Superieure  de  I'Aeronautique  et  de 
I  E  space  (ENSAE)  in  collaboration  with  the  Centre  d'  Essais  Aero 
nautique  de  Toulouse  (CEAT)  has  been  studying  a  transonic  cry¬ 
ogenic  wind-tunnel  This  wind-tunnel,  which  is  now  being  built,  is  to 
be  operational  by  the  end  ol  1980.  It  has  been  conceived  to  study 
airfotls  in  the  transonic  field  To  be  sure  that  the  liquid  nitrogen  has 
disappeared  inside  the  test  section,  a  study  was  made  to  determine 
the  characteristics  and  the  location  of  injectors  able  to  maintain  a 
monophasic.  steady  uniform  flow  m  the  test  section  The  theoretical 
study  is  being  oriented  towards  modelling  of  breakup  and  coales¬ 
cence  phenomena  A  small  wind  tunnel  with  a  60  mm*  120  mm 
test-section  is  now  being  built  and  will  be  used  to  study  the  influence 
of  different  parameters,  such  as  injection  velocity,  gas  flow  velocity, 
and  gas  temperature  The  final  aim  consists  m  validating  a  theoreti¬ 
cal  model  of  the  diphasic  flow,  which  should  allow  us  to  determine 
the  optimal  charactencs  and  position  of  the  LN?  injectors  to  be  set  in 
the  ENSAE  wind  tunnel  and  other  cryogenic  wind  tunnels  of  the 
future 

'ENSAE/CEAT.  BP  4032.  31055  Toulouse  Cedex,  France 

107  'Koppenwallner.  G  .  and  'Dankert.  C  The  Homogeneous 
Nitrogen  Condensation  in  Expansion  Flows  With  ETW- Relevant 
Stagnation  Conditions.  Paper  no  1 5.  1  st  Int  Symp  on  Cryogenic 
Wind  Tunnels.  Southampton,  U  K  ,  Apr  3-5.  1979 

A80-24095# 

The  condense  )n  in  free  jet  expansions  with  stagnation  condi 
tions  typical  for  transonic  cryo- tunnels  was  studied  The  results 
show  the  delay  tor  condensation  onset  and  the  gas  dynamic  be¬ 
havior  within  the  condensation  regime  Although  the  experiments 
were  performed  »n  small  scale  nozzles,  they  nevertheless  can  be 
used  to  predict  condensation  delay  m  model  flow  fields 

•DFVLR,  Bunsenstrasse  10.  D-3400  Goettingen  West  Germany 
(FRGJ 

106  'Youngiove.  B  A  Thermodynamic  Properties  of  Nitrogen 
Get  From  Sound  Velocity  Measurements.  Paper  no  16.  1st  Int 

Symp  on  Cryogenic  Wind  Tunnels  Southampton.  UK  Apr  3  5. 
1979 

A80- 24096# 

Thermodynamic  properties  of  nitrogen  gas  have  been  calcu¬ 
lated  from  80  K  to  350  K  and  at  pressures  to  1 0  bar  from  sound  speed 
measurements  and  existing  P-V-T  data  using  multiproperty  fitting 
techniques  These  new  data  are  intended  to  improve  existing  rredic 
tive  capability  of  the  equation  of  state  m  the  low  density  regior 
needed  tor  use  with  the  National  Transonic  Facility  (NTFj  now  being 
built  at  the  NASA  Langley  Research  Center 
'National  Bureau  of  Standards.  Boulder  CO  80302 

106  'Albone.C  M  An  Investigation  Into  the  Reel  Gat  Effects  of 
Cryogenic  Nitrogen  in  InviecM  Homan  tropic  Flow  Paper  no  1 7  'st 

Int  Symp  on  Cryogenic  Wind  Tunnels  Southampton  uk  Aj.  )  s 
1979 

A 80  24094# 
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As  a  contribution  to  the  investigation  of  the  suitability  of  using 
cryogenic  nitrogen  as  the  test  gas  in  a  high  Reynolds  number  tran¬ 
sonic  wind-tunnel,  a  study  is  made  of  the  real  gas  effects  of  nitrogen 
at  low  temperatures  The  study,  which  is  limited  to  mviscid.  homen- 
tropic  flow  of  a  non-conducting  gas,  takes  the  form  of  an  independ¬ 
ent  confirmation  of  results  by  Kilgore,  et  a(  The  new  contribution  in 
this  paper  is  that  the  use  of  a  simplified  equation  of  state  enables  an 
expression  for  enthalpy  (and  hence  the  terms  in  Bernoulli's  equa¬ 
tion)  to  be  derived  by  analytic  integration 

•Aerodynamics  Department,  R.A.E.,  Farnborough,  Hampshire 
GU14  6TO.  U.K. 

ttO  *  lager,  G.  ft:  Transonic  Shock-Boundary  Layer  Interac¬ 
tions  In  Cryogenic  Wind  Tunnels.  Paper  no.  18,  1st  Int  Symp.  on 
Cryogenic  Wind  Tunnels.  Southampton,  U.K,.  Apr.  3-S,  1979- 

A80- 24097# 

Since  the  transonic  aerodynamics  of  missiles  and  aircraft  can 
be  significantly  influenced  by  shock  wave  —  boundary  layer  interac¬ 
tion  effects,  these  effects  should  be  adequately  simulated  in  cryo¬ 
genic  high  Reynolds  number  wind  tunnel  experiments.  In  addition  to 
flight  Mach  and  Reynolds  numbers  which  are  simulated  by  design, 
there  are  four  other  interaction  similitude  parameters  which  may  not 
be  duplicated  owing  to  the  very  low  temperature  —  high  pressure 
working  fluid  involved:  wall  to  total  temperature  ratio  T*/Tt.  specific 
heat  ratio  y ,  viscosity  temperature  exponent  u>  and  PrandtJ  number 
Pr  The  first  is  deemed  especially  important  since  in  some  proposed 
short  duration  cryogenic  transonic  wind  tunnels  the  model  is  at 
much  higher  temperature  than  T t  during  the  test  Moreover,  the  7  of 
cryogenic  nitrogen  can  be  larger  (1.5-1. 8)  than  air  and  thus  influ¬ 
ence  the  interaction;  lower  y  s  are  also  of  interest  in  heavy  gas 
(Freon  12)  facilities.  This  paper  describes  the  application  of  an 
approximate  non-asymptotic  theory  of  weak  normal  shock  nonsep¬ 
arating  turbulent  boundary  layer  interaction  to  the  prediction  of 
these  heat  transfer  and  real  gas  effects. 

•Virginia  Polytechnic  Institute  and  State  University.  Blacksburg.  VA. 
24060 

111  •Smith,  David  A.:  Development  ot  e  Teet  Procedure  for 
Acoustically  Dissipative  Silencer  Materials  Used  In  Cryogenic 

Applications.  Paper  no.  19. 1st  Int  Symp.  on  Cryogenic  Wind  Tun¬ 
nels.  Southampton.  U.K..  Apr.  3-5, 1979. 

ABO- 24098# 

The  objective  of  the  test  procedure  discussed  is  to  guide  selec¬ 
tion  of  optimum  mechanical  properties  of  acoustically  dissipative 
materials  to  be  used  in  silencers  for  cryogenic  applications.  The 
items  of  primary  concern  are  erosion  ot  materials  due  to  grazing 
flow,  fatigue  of  materials  due  to  grazing  flow  and  intense  sound 
pressure  levels;  and  thermal  shock  of  materials  due  to  cryogenic 
temperatures  The  proposed  test  procedure  quantifies  the  degrada¬ 
tion  of  mechanical  properties  of  acoustically  dissipative  materials 
intended  for  use  in  an  intense  acoustic  field,  with  flow,  at  cryogenic 
temperatures 

•General  Acoustics  Corp..  1 2248  Santa  Monica  Blvd.,  Los  Angeles, 
CA.  90025 

112  *  North,  R  J  The  Cryogenic  Technology  Programme  of  the 
European  Teutonic  Windtunnei  Project  Paper  no.  20.  1st  Int. 
Symp  on  Cryogenic  Wind  Tunnels.  Southampton.  U.K..  Apr  3-5, 
1979 

A80-24099# 

Th#  ETw  project  <s  concerned  with  the  design  and  feasibility  of 
a  proposed  large  new  European  Transonic  Windtunnei  operating  on 


the  cryogenic  principle  There  are  a  number  ot  problems  to  be 
solved  in  the  design,  construction  and  operation  ot  such  a  tunnel 
Amongst  these  problems  are  those  of  instrumentation,  model  design 
and  construction,  testing  techniques,  minimum  operating  tempera¬ 
ture  and  so  on.  If  it  appears  that  there  are  basic  difficulties  in  any  of 
these  areas  the  acceptability  of  the  proposed  tunnel  to  prospective 
users  might  be  in  doubt.  Accordingly  the  Steering  Committee  of  ETW 
has  initiated  a  so-called  cryogenic  technology  programme  to  exam¬ 
ine  these  problems.  A  list  of  possible  subjects  of  interest  in  a  cry¬ 
ogenic  technology  programme  is  given.  The  present  cryogenic 
technology  programme  is  listed.  A  comparison  of  these  lists  shows 
that  a  combination  of  exchanges  of  information,  an  atmosphere  of 
goodwill,  and  positive  measures  by  the  national  representatives  on 
the  Steering  Committee  and  by  representatives  of  the  aircraft  indus¬ 
tries  has  resulted  in  a  program  which  covers  a  large  part  of  the 
spectrum  of  interest. 

•Technical  Group,  ETW.  National  Aerospace  Laboratory,  Anthony 
Fokkerweg  2. 1059  CM  Amsterdam.  The  Netherlands 

113  •Haideman,  Charles  W..  Suggested  Modification  of  Fog 
Flow  Visualization  for  Use  in  Cryogenic  Wind  T unnefs.  Paper  ho.  2 1 , 

1st  Int.  Symp.  on  Cryogenic  Wind  Tunnels.  Southampton,  U  K.,  Apr 
3-5, 1979. 

A80-24100# 

A  mixture  of  liquid  nitrogen  and  steam-bearing  air  has  been 
used  recently  to  produce  flow  visualization  in  a  conventional  sub¬ 
sonic  wind  tunnel.  This  note  offers  the  suggestion  that  this  technique 
might  be  modified  to  produce  hitrogen  “smoke"  for  flow  visualization 
in  cryogenic  wind  tunnels. 

•Aerophysics  Laboratory,  Massachusetts  Institute  of  Technology, 
Cambridge.  MA,  02139 

114  ‘Morel,  J.  P.;  and  **Mereau.  P.:  Optimum  Control  of  the 
European  Transonic  Windtunnei.  Paper  no.  22,  1st  Int  Symp.  on 
Cryogenic  Wind  Tunnels,  Southampton.  U.K.,  Apr.  3-5, 1979. 

A80-24102# 

Analyses  of  ETW  operating  costs  have  shown  the  iarge  influ¬ 
ence  of  liquid  nitrogen  consumption  during  transients.  Optimisation 
of  control  for  ETW  is  desirable;  it  involves  a  theoretical  and  experi¬ 
mental  programme  during  preliminary  design  so  that  by  the  time  of 
ETW  construction,  theoretical  models  checked  through  experi¬ 
ments  will  help  in  the  design  of  control  architecture.  Interfaces 
between  control  and  other  tasks  will  be  examined  thoroughly.  A 
simplified  model  has  shown  the  highly-coupled  aspect  of  ETW  flow 
dynamics.  Optimum  control  ot  the  tunnel  parameters  Mach  number, 
stagnation  temperature,  and  stagnation  pressure  by  use  of  the  pre¬ 
dictive  algorithm  IDCOM  looks  feasible  based  on  some  simulation 
on  the  simplified  model.  Preliminary  results  of  the  identification  of 
Mach  number  process  in  the  NLR  HST  shows  that  the  validity  of  the 
use  of  the  simplified  model  for  control  purposes  looks  promising  in 
that  field.  More  analysis  is  still  required  of  test  results  obtained  in  the 
Imxim  DFVLR  and  ONERA-CERT  T2  wind  tunnels.  A  general 
model  with  less  restrictive  assumptions  is  being  implemented  on  a 
computer.  It  must  be  checked  with  simplified  model  resuits  as  well  as 
with  the  experimental  tests.  By  the  end  of  this  preliminary  design 
phase  it  is  expected  that  use  of  theoretical  models,  validated  by 
basic  experiments,  will  give  a  first  definition  ot  an  ETW  control 
architecture. 

•Technical  Group,  ETW.  National  Aerospace  Laboratory.  Anthony 
Fokkerweg  2, 1059  CM  Amsterdam.  The  Netherlands 

••Adersa-Gerbios,  Valizy,  France 

115  *Balakrishna,  S.;  and  ••Thibodeaux,  J  J.:  Modeling  and 
Control  of  a  LN2-QN2  Operated  Closed  Circuit  Cryogenic  Wind 
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Turnip.  Paper  no  23.  1st  Int.  Symp.  on  Cryogenic  Wind  Tunnels. 
Southampton.  U.K.,  Apr  3-5,1979 

A80-24103# 

Full  scale  Reynolds  number  flow  capability  at  transonic  speeds 
has  been  successfully  realized  in  wind  tunnels  by  cooling  the  test 
gas  to  cryogenic  temperatures.  Gaseous  mtrogen  (GN2)  is  an  ideal 
cryogenic  test  medium  because  of  its  negligible  thermal  and  calo¬ 
rific  imperfections  on  isentropic  expansion,  and  since  it  can  be 
cooled  efficiently  by  injected  liquid  mtrogen  (LN2)  which  evaporates 
into  the  test  gas.  Despite  increased  gas  density,  cryogenic  operation 
of  a  closed  circuit  wind  tunnel  is  associated  with  reduced  fan  power 
and  no  extra  dynamic  loads  on  the  models.  Further,  a  closed  circuit 
cryogenic  tunnel  allows  independent  control  of  the  tunnel  flow 
parameters.  Precise  control  of  these  parameters  is  an  involved  con¬ 
trol  problem  in  view  of  the  non -linear  and  coupled  nature  of  the 
tunnel  responses  This  paper  aims  at  developing  a  simple  lumped 
parameter  multivahablecontrol  compatible  mathematical  model  of  a 
LN2-GN2  operated  closed  circuit  cryogenic  tunnel,  and  deriving 
c/osed  loop  control  laws  with  specific  reference  to  the  0.3-m  tran¬ 
sonic  cryogenic  tunnel  at  the  NASA  Langley  Research  Center. 

•Old  Dominion  University.  Norfolk.  VA,  23508 
••NASA,  Langley  Research  Center.  Hampton.  VA.  23665 
NASA  Grant  NSG-1503 

116  ‘Clausing,  A  M  Experimental  Studies  of  Forced,  Natural 
and  Combined  Convective  Heat  Transfer  at  Cryogenic  Tempera¬ 
tures.  Paper  no.  24,  1st  Int  Symp  on  Cryogenic  Wind  Tunnels. 
Southampton.  UK.  Apr  3-5. 1979 

A80-24104# 

A  novel  heat  transfer  technique,  the  use  of  cryogenic  tempera¬ 
tures  for  convective  modeling,  is  used  in  this  study  to  obtain  signifi¬ 
cant  increases  in  andp/j*.  in  order  to  simultaneously 

obtain  large  Grashof  and  Reynolds  numbers  on  a  vertical  cylinder 
The  research  is  motivated  by  the  need  to  predict  combined  convec¬ 
tive  losses  from  large,  high- temperature  objects  such  as  solar 
•power  tower  "  receivers  where  the  magnitudes  of  both  the  Grashof 
and  Reynolds  numbers  are  large  The  cryogenic  heat  transfer  tunnel 
provides  an  economical  method  of  obtaining  these  large  Grashof 
and  Reynolds  numbers  with  an  appropriate  and  near  constant 
Prandtl  number;  thus  it  is  an  excellent  tool  tor  study  of  convective 
heat  transfer  Low -temperature  modeling,  a  cryogenic  testing  facil¬ 
ity.  and  a  transient  measurement  technique  are  discussed. 
•University  of  Illinois  at  Urbana-Champaign.  Urbana,  IL,  61801 

117  ‘Chnstophe.  Jean,  and  *  Francois.  Gilbert  Thermal  limi¬ 
tation  of  Pressurized  Cryogenic  Wind  Tunnels.  Paper  no.  25.  1st 

Int  Symp.  on  Cryogenic  Wind  Tunnels.  Southampton.  U.K.,  Apr. 
3-5, 1979. 

A80-24105# 

The  transformation  of  existing  wind  tunnels  for  cryogenic  oper¬ 
ation  requires  an  internal  insulation  to  protect  the  walls,  which 
usually  are  made  of  carbon  steel,  and  are  brittle  at  low  temperatures, 
in  order  not  to  alter  the  shape  of  the  aerodynamic  circuit,  a  thin 
insulation  is  used  that  is  efficient  for  a  limited  time  only.  A  compari¬ 
son  of  solutions  with  thick  internal  or  external  insulators  allowed  the 
study  of  the  wall  temperature  evolution  and  of  the  energies  implied 
during  transient  or  permanent  operations  for  long  duration  runs  of 
several  minutes  to  several  tens  of  minutes.  This  paper  presents  a  few 
remarks  on  the  insulation  of  a  wind  tunnel  with  a  view  to  its  use  down 
to  1 20  K  This  fan  driven  wind  tunnel,  still  under  construction,  will 
have  a  test  section  area  of  0.15*0.35  m.  a  maximum  stagnation 
pressure  of  5  bars  and  a  maximum  velocity  of  Mach  1.0.  Initially 
designed  for  operation  at  room  temperature,  it  is  now  being  modified 


for  operation  at  cryogenic  conditions  To  this  end,  the  mam  circuit  is 
being  built  in  stainless  steel  Z2CN  18- 10  (the  American  304  L) 
Provisions  are  planned  for  injection  and  evacuation  of  nitrogen  and 
for  thermal  insulation 

•ONERA/CERT  BP  4025,  31055  Toulouse  Cedex.  France 

118  *  Green.  J.  E..  ‘Weeks.  D  J  ,  and  *Pugh.  P.  G  Heat  Transfer 
to  Mode*  or  Teat  Section  as  a  Source  of  Spurious  Aerodynamic 
Effects  in  Transonic  Wind  Tunnels.  Paper  no.  26,  1st  (nt.  Symp  on 
Cryogenic  Wind  Tunnels.  Southampton,  UK.  Apr  3-5,  1979 

A80-24106# 

For  predictions  of  aerodynamic  characteristics  to  be  reliable, 
correct  simulation  of  the  thermal  behaviour  at  full  scale  is  essential 
That  is  to  say.  the  ratio  of  surface  temperature  to  tree-stream 
temperature  may  be  expected  to  be  just  as  important  a  parameter  as 
Reynolds  number  m  any  flow  in  which  boundary  layer  behaviour  has 
a  significant  effect  to  the  overall  aerodynamics  The  relative  impor¬ 
tance  of  Reynolds  number  and  of  heat  transfer  to  the  model  is 
assessed  in  this  paper  on  the  basis  of  calculations  of  the  flow  over  an 
aerofoil  at  subsonic  and  transonic  speeds.  The  significance  of  heat 
transfer  to  the  test- section  walls  is  also  assessed.  Hence  allowable 
temperature  limits  are  suggested  for  both  the  model  and  the  tunnel 
walls.  The  source  of  the  results  quoted  here  is  a  paper  which  was 
written  in  1973  at  the  behest  of  the  AGARD  LaWs  Group  but  given 
only  limited  circulation  at  that  time.  Whilst  the  theoretical  methods 
used,  particularly  for  the  inviscid  parts  of  the  aerofoil  calculations, 
have  now  been  superseded  by  appreciably  improved  methods 
there  is  no  reason  to  suppose  that  the  use  of  these  later  methods 
would  significantly  alter  our  main  conclusions. 

•Royal  Aircraft  Establishment.  Farn borough.  Hampshire  GU146TD. 
UK. 

119  ‘Mignosi.  A  .and  ‘Archambaud.  J.  P .:  Prediction ofThermaf 
Losses  and  Transient  Flows  In  a  Cryogenic  Wind  Tunnel.  Paper  no 
27.  1st  Int.  Symp.  on  Cryogenic  Wind  Tunnels.  Southampton.  U  K„ 
Apr  3-5,  1979. 

A80-24107# 

In  parallel  with  the  experimental  studies  developed  in  a  cryo¬ 
genic  pilot  wind-tunnel  called  T2  which  is  induction  driven,  theoreti  - 
cal  methods  have  been  developed.  This  wind  tunnel  is  used  to  give 
experimental  data  related  with  cryogenic  problems.  Prediction 
methods  have  been  established  to  compute  thermal  losses,  wind 
tunnel  performance,  and  transient  flows.  These  methods  have  been 
checked  with  experimental  data  and  are  used  to  predict  and  to 
optimize  the  wind  tunnel  flow.  The  contemplated  application  of  these 
methods  is  a  cryogenisation  of  our  induction  driven  wind  tunnel  T2 
(test  section  0.4*0  4  m)  in  which  great  values  of  Reynolds  number 
could  be  obtained. 

•ONERA/CERT,  BP  4025. 31055  Toulouse  Cedex.  France 

120  *Ray.  Edward  J.;  ‘Ladson.  Charles  L..  'Adcock.  Jerry  8., 
•Lawing,  Pierce  L;  and  *Hal1,  Robert  M.:  Review  of  Design  and 
Operational  Characteristics  ot  the  0.3-Meter  Transonic  Cryogenic 
Tunnel.  Paper  no.  28.  1st  Int.  Symp  on  Cryogenic  Wind  Tunnels. 
Southampton,  U  K..  Apr.  3-5, 1979.  Also  NASA  TM-80123 

A80-24108# 

The  past  six  years  of  operation  with  the  NASA  Langley  0.3-m 
Transonic  Cryogenic  Tunnel  (TCT)  has  shown  that  there  are  no 
in$urmountabfe  problems  associated  with  cryogenic  testing  with 
gaseous  nitrogen  at  transonic  Mach  numbers  The  fundamentals  of 
the  concept  have  been  validated  both  analytically  and  experimen¬ 
tally  and  the  0.3-m  TCT,  with  its  unique  Reynolds  number  capability, 
has  been  used  tor  a  wide  variety  of  aerodynamic  tests.  Techniques 
regarding  real -gas  effects  have  been  developed  and  cryogenic  tun- 
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r>ei  conditions  can  be  set  and  maintained  accurately  It  has  been 
showi'  that  cryogenic  cooling  by  injecting  nitrogen  directly  into  the 
tunnel  circuit  imposes  no  problems  with  temperature  distribution  or 
dynamic  response  haractenstics  Experience  with  the  0.3-m  TCT 
has  however  indicated  that  there  is  a  significant  learning  process 
associated  with  cryogenic,  high  Reynolds  number  testing.  Many  of 
the  questions  have  already  been  answeied.  however,  factors  such 
as  tunnel  control,  run  logic  economics,  instrumentation,  and  mode) 
technology  present  many  new  and  challenging  problems. 

•NASA.  Langley  Research  Center.  Hampton.  VA  23665 

121  'Richards,  B  E  and  ‘Wendt.  J  F  Preliminary  Design 
Study  of  a  Regeneratively- Cooled  Transonic  Cryogenic  Tunnel. 

Paper  no  29.  1  stint  Symp  on  Cryogenic  Wind  Tunnels.  Southamp¬ 
ton.  U  K  Apr  3-5.  <979 

A80-24109# 

The  cost  of  liquid  nitrogen  dominates  the  operating  expenses  of 
a  cryogenic  tunnel,  particularly  in  the  high  speed  range  To  reduce 
th»s  cost,  a  number  of  short-duration  designs  have  been  studied, 
many  of  them  will  be  discussed  at  this  symposium  One  idea  which 
does  not  seem  to  have  received  serious  attention  >s  the  regeneratively  - 
cooled  concept  The  purpose  of  this  short  paper  is  to  present  the 
concept  for  constructive  criticism. 

•von  Karman  Institute  for  Fluid  Dynamics.  Chaussee  de  Waterloo. 
72,  S-  1640  Rhode -Saint-  Genbse.  Belgium 

122  ‘Lambourne,  N  C  Synopsis  of  Similarity  Requirements  for 
A  Croats  trie  Modal*  in  Cryogenic  Wind  Tunnels.  Paper  no  30. 
1  st  lot  Symp  on  Cryogenic  Wind  Tunnels.  Southampton.  U.K.,  Apr 
3-5,  1979 

A80-24110# 

A  consideration  of  the  requirements  for  aeroelastic  similarity 
shows  the  low  working  temperature  of  a  cryogenic  tunnel  and  an 
ability  to  vary  temperature  both  have  advantages  m  regard  to  the 
choice  of  suitable  stiffness  and  density  scales  for  an  aeroelastic 
model  The  advantages  are  incidental  to  the  main  purpose  of  a 
cryogenic  tunnel,  which  is  to  achieve  high  Reynolds  numbers 
•Royal  Aircraft  Establishment.  Bedford  MK41  6AE.  U  K 

123  'Gravelle.  Alain  Aeroelastic  Models  for  Cryogenic  Wind 
Tunnets.  Paper  no  31.  1st  Int  Symp.  on  Cryogenic  Wind  Tunnels. 
Southampton.  U  K  .  Apr  3-5JJJ79  ONERA  TP- 1979-39.  1979 

A79-39088# 

The  application  of  Mach  and  Froude  similarity  rules  to  cryo¬ 
genic  wind  tunnel  testing  of  aeroelastic  models  is  examined  It  is 
shown  that  when  stagnation  temperatures  are  low  and  can  be  varied 
over  a  wide  range,  it  is  possible  to  obtain  reasonable  values  for  static 
loads  and  Reynolds  numbers  with  Mutter  models  The  scaling  of 
models  of  the  Airbus  A300B  and  the  F 1  fighter  for  testing  in  a  S2-MA 
wind  tunnei  is  discussed  and  compared  with  possible  scalings  of 
similar  models  for  testing  in  a  cryogenic  facility 

•ONERA.  BP  72.  92322  Chatillon  Cedex,  France 

124  ‘Ferris.  Alice  T  Cryogenic  Wind  Tunof  Force  Instrumenta¬ 
tion.  Paper  no  32, 1  st  Int.  Symp  on  Cryogenic  Wind  Tunnels,  South  - 
ampton.  U  K  .  Apr  3-5,  1979  Also  NASA  TM-81845. 

A80-24081# 

A  cryogenic  wind  tunnel  imposes  rather  severe  requirements 
on  th®  measurement  of  aerodynamic  forces  and  moments.  Not  only 
does  the  cryogenic  environment  present  an  unusual  surrounding  for 
the  force  balance,  but  also,  because  of  the  tunnel's  high  density 


capability,  the  magnitude  of  the  load  to  be  measured  can  be  much 
greater  than  that  of  a  conventional  tunnel  of  the  same  size.  Although 
pushing  the  state  ot  the  art.  initial  studies  indicate  that  one-piece, 
high -capacity  strain-gage  balances  can  be  built  to  satisfy  cryogenic 
requirements.  This  paper  wilf  outline  the  work  that  has  been 
accomplished  at  Langley  Research  Center  while  investigating  the 
effects  of  the  cryogenic  environment  on  one-piece  multicomponent 
strain-gage  balances,  with  particular  emphasis  on  cryogenic  bal¬ 
ances  for  use  in  the  National  Transonic  Facility  (NTF),  a  2.5-m 
cryogenic  facility  that  is  being  constructed  at  the  National  Aero¬ 
nautics  and  Space  Administration  (NASA).  Langley  Research  Center 
(LaRC),  Hampton.  VA.  The  NTF  is  scheduled  to  begin  operation  in 
mid- 1982.  One-piece  multicomponent  strain-gage  balances  have 
been  designed  to  meet  the  requirements  imposed  by  the  cryogenic 
environment.  These  balances  are  a  result  of  extensive  studies  in  the 
areas  of  design,  balance  materials,  strain  gages  (including  applica¬ 
tion  techniques),  and  cryogenic  calibration.  The  laboratory  results 
indicate  that  these  balances  will  yield  reliable,  repeatable,  and  pre¬ 
dictable  data  from  340  K  to  77  K  under  steady-state  conditions  Work 
is  continuing  in  a  number  of  areas  to  reduce  the  effect  of  the  cry¬ 
ogenic  environment  even  further  where  possible  and  to  study  the 
problems  associated  with  thermal  control  that  may  be  needed  to 
eliminate  thermal  gradients. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

125  •Hill.  Eugene  G.  The  Proposed  Boeing  Supersonic  Wind 
Tunnel  High  Reynolds  Number  Insert.  Paper  no  33. 1  st  Inf.  Symp  on 
Cryogenic  Wind  Tunneis.  Southampton,  U  K..  Apr.  3-5, 1979 

A80- 24089# 

Modification  of  the  infrequently  used  Boeing  Supersonic  Wind 
T unnel  (BSWT)  to  provide  high  Reynolds  number  testing  capabilities 
has  been  under  study  since  1974  Operating  the  modified  four  foot 
tunnel  at  cryogenic  temperatures  produces  full  scale  Reynolds 
number  with  approximately  0  02  scale  models  Current  plans  are  to 
continue  a  low  budget  circuit  development  effort  and  to  monitor 
progress  in  cryogenic  wind  tunnel  testing  technology.  Non- 
cryogenic  circuit  development  studies  are  scheduled  for  completion 
by  the  end  of  1979  Subsequently,  cryogenic  circuit  development 
studies  in  the  0.10  scale  BSWT/BHRT  pilot  facility  will  continue 
during  1980  Limited  studies  are  continuing  to  define  the  modifica¬ 
tions  required  to  convert  the  Boeing  Supersonic  Wind  Tunnel  into  a 
high  Reynolds  number  tunnel.  BHRT.  Many  of  the  non-cryogemc 
modifications  have  been  defined.  Studies  concerning  cryogenic 
operations  will  begin  late  in  1979. 

•Boeing  Co..  Box  3707,  Seattle,  WA.  98124 

128  •Cadweit.  J.  D  Design,  Fabrication,  and  Instrumentation 
Preparation  of  a  Verification  Model  for  the  Douglas  Aircraft  Four 
Foot  Cryoganic  Wind  Tunnel  (4-CWT).  Paper  no.  34.  1  st  Int.  Symp 
on  Cryogenic  Wind  Tunnels.  Southampton.  u.K .  Apr.  3-5. 1979. 

A80-241 1 1# 

The  advent  of  the  cryogenic  work  at  the  NASA  Langley 
Research  Center  presented  the  technique  that  would  allow  the 
McDonnell  Douglas  Corporation  to  obtain  a  high  Reynolds  number 
transonic  facility  with  reasonable  dynamic  pressures  for  a  moderate 
capital  expenditure.  Although  NASA  had  a  continuous  flow  cryo¬ 
genic  pilot  tunnel  in  operation,  the  blowdown  concept  had  not  been 
checked  experimentally.  Prior  to  approval  ot  the  capital  expenditure 
an  inhouse  study  was  accomplished  and  verified  in  an  independent 
feasibility  study  accomplished  by  the  Fluidyne  Corpora¬ 
tion.  Management  approval  to  proceed  with  the  modification  of  the 
existing  four  foot  transonic  tunnel  to  a  four  foot  cryogenic  tunnel 
(4-CWT)  was  given  in  mid  1976.  The  purpose  of  this  report  is 
to  review  the  work  accomplished  to  date  on  the  design,  fabrication. 
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and  instrumentation  of  the  DC- 10  model  to  be  used  in  the  verifica¬ 
tion  test  of  the  McDonnell  Douglas  four  foot  Cryogenic  Transonic 
Wind  Tunnel 

•Douglas  Aircraft  Co..  McDonnell  Douglas  Corp  .  3055  Lakewood 
Blvd..  Long  Beach.  CA  90846 

127  *  Aldrich,  J.  F.  L  Progre is  Report  on  the  Douglas  Four-Fool 

Cryogenic  Wind  Tunnel.  Paper  no.  35. 1st  Int.  Symp  on  Cryogenic 
Wind  Tunnels.  Southampton.  U  K..  Apr.  3-5, 1979 

A80- 24086# 

The  Douglas  design  effort  toward  a  cryogenic  operating  mode 
of  their  intermittent  4-ft  wind  tunnel  began  in  August  1976  under  the 
leadership  of  NASA  Langley  The  preliminary  study  had  concluded 
that  it  was  feasible,  that  the  cost  was  reasonable  for  the  Reynolds 
number  gain,  but  that  certain  scaled  tests  should  be  conducted  to 
minimize  risks.  The  experimental  program  conducted  is  summar¬ 
ized  The  design  of  the  modifications  on  the  4-Foot  Cryogenic  Wind 
Tunnel  (4CWT)  began  with  the  completion  of  the  1  -  Foot  Cryogenic 
Wind  Tunnel  (1CWT)  design  and  continued  in  parallel  with  the 
experimental  program.  About  85  percent  of  the  design  has  been 
completed.  Approximately  165  drawings  have  been  released  The 
remaining  design  work  includes  stings,  calibration  equipment,  con¬ 
trol  sensor  installation  and  interconnections  to  operating  console 
and  computer.  The  majority  of  the  supplier-fabricated  items  have 
been  delivered.  Modifications  and  installation  work  by  the  contrac¬ 
tors  is  expected  to  be  completed  in  August,  at  which  time  prerun 
checkout  of  the  tunnel  subsystems  will  begin  and  build  up  to  check 
runs  of  the  total  system  at  ambient  and  cryogenic  temperatures 
about  October 

•Douglas  Aircraft  Co..  McOonnell  Oougfas  Corp  3855  Lakewood 
Blvd .  Long  Beach,  CA,  90846 

128  *Clark.  P.  J  F.;  and  **  Morel.  J.  P :  Circuit  Optimization 
Study  for  the  European  Transonic  Wlndfunnsf.  Paper  no.  36,  f  sf  lot. 
Symp.  on  Cryogenic  Wind  Tunnels.  Southampton.  U.K..  Apr  3-5. 
1979. 

A80-24101# 

An  Airline  Optimization  Study  defines  the  most  economical  cir¬ 
cuit  configuration  for  the  European  Transonic  Wind  Tunnel  (ETW) 
based  on  the  combination  of  capital  and  operating  costs  consistent 
with  flow  quality,  test  spectrum  and  operational  flexibility  require¬ 
ments.  This  study  included  investigations  of  the  sensitivity  of  the 
optimum  configuration  to  variations  in  the  factors  which  affect  the 
cost  of  the  various  components  or  cost  elements  over  a  reason  ble 
range 

*DSMA  International  Inc.,  Toronto.  M8X  tY4  Canada 

••Technical  Group.  ETW,  National  Aerospace  Laboratory.  Anthony 
Fokkerweg  2,  1059  CM  Amsterdam,  The  Netherlands 

129  *Hall,  Robert  M  Onset  of  Condensation  Effects  With  an 
NACA  0012-64  AlrfoH  Tested  In  the  Langley  0.3-Meter  Transonic 
Cryogenic  Tunnel.  NASA  TP- 1385,  Apr.  1979  72  pp  Formerly  pub¬ 
lished  as  NASA  TM-  78666 

N79-22043# 

A  0  1 37-m  NACA  001 2-64  airfoil  has  been  tested  at  a  0°  angle  of 
attack  in  the  nitrogen-gas  Langley  0.3-m  T ransonic  Cryogenic  T un- 
nel  at  Iree-stream  Mach  numbers  of  0.75. 0  05.  and  0  95  over  a  total 
pressure  range  from  1  2  to  5  0  atm.  The  onset  of  condensation 
effects  as  determined  by  varying  stagnation  temperature  was  found 
to  correlate  better  with  the  amount  of  super-cooling  in  the  free 
stream  than  it  did  with  the  supercooling  in  the  region  of  maximum 
local  Mach  number  over  the  airfoil  Effects  m  the  pressure  distribu¬ 


tion  over  the  airfoil  were  generally  seen  to  appear  over  its  entire 
length  at  nearly  the  same  total  temperature  Both  observations  sug¬ 
gest  that  heterogeneous  nucieation  does  occur  in  the  free  stream 
The  present  results  are  compared  to  calculations  made  by  Sivier  and 
data  gathered  by  Gogtia.  The  potential  operational  benefits  realized 
from  supercooling  are  presented  in  terms  of  increased  Reynolds 
number  capability  at  a  given  tunnel  total  pressure  and  reduced 
drive-fan  power  and  liquid  nitrogen  consumption  it  Reynolds 
number  is  held  constant.  Depending  on  total  pressure  and  tree- 
stream  Mach  number,  these  three  benefits  are  found  to  vary  respec¬ 
tively  from  8  to  1 9  percent.  1 2  to  24  percent,  and  9  to  1 9  percent.  An 
appendix  is  inr  (uded  which  gives  details  of  the 
data  analysis  and  error  estimates  for  the  differences  m  pressure 
distributions 

•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

130  *  Albone.  C  M.  An  Investigation  Into  the  Real  Gas  Effects  of 
Cryogenic  Nitrogen  in  Inviscid  Homentroplc  Flow.  R  A  E  TM  Aero 
1805.  May  1979.  17  pp. 

N80-21611# 

As  a  contribution  to  the  investigation  of  the  suitability  of  using 
cryogenic  nitrogen  as  the  test  gas  in  a  high  Reynolds  number  tran¬ 
sonic  wind-tunnel,  a  study  is  made  here  of  the  real  gas  effects  of 
nitrogen  at  low  temperatures.  The  study,  which  is  limited  to  inviscid. 
homentropic  flow  of  a  non-conducting  gas,  takes  the  form  of  an 
independent  confirmation  of  results  by  Kilgore  et  al  A  recent  paper 
by  Wagner  and  Schmidt  on  this  subjectemploys  a  different  equation 
of  state  from  that  used  here  and  their  investigations  cover  more  than 
just  homentropic  flow.  The  new  contribution  in  this  Memorandum  is 
that  the  use  of  a  simplified  equation  of  state  enables  an  expression 
for  enthalpy  (and.  hence,  the  terms  in  Bernoulli’s  equation)  to  be 
derived  by  analytic  integration 

*  Royal  Aircraft  Establishment.  Farnborough.  Hampshire  GU 1 4  6TD. 
UK. 

Note:  A  shortened  version  of  this  Memorandum  (no.  109  in  this 
bibliography)  was  presented  at  the  First  International  Symposium  on 
Cryogenic  Wind  T unnels  at  Southampton  University,  Apr.  3-5. 1 979 

131  •Hall,  Robert  M.  Onset  of  Condensation  Effects  as  De¬ 
tected  by  Total  Pressure  Probee  in  the  Langley  0.3-Meter  T ransonic 
Cryogenic  Tunnel.  NASA  TM-80072.  May  1979  51  pp. 

N79-27094# 

Total  pressure  probes  mounted  in  the  test  section  of  the  Langley 
0.3-m  Transonic  Cryogenic  T unnet  are  used  to  detect  the  onset  of 
condensation  effects  for  free-stream  Mach  numbers  of  0.50.  0.75. 
0.85.  and  0.95  and  for  total  pressures  between  one  and  five  atmos¬ 
pheres.  The  amount  of  supercooling  is  found  to  be  about  3  K  and 
suggests  that  condensation  is  occurrmgon  pre-existing  liquid  nitro¬ 
gen  droplets  resulting  from  incomplete  evaporation  of  the  liquid 
nitrogen  injected  to  cool  the  tunnel  The  liquid  nitrogen  injection 
process  presently  being  used  for  the  0.3-m  tunnel  results  in  a  wide 
spectrum  of  droplet  sizes  being  m/ected  info  the  flow.  Since  the 
relatively  larger  droplets  take  much  more  time  to  evaporate  than  the 
more  numerous  smaller  droplets,  the  larger  ones  reach  the  test 
section  first  as  the  tunnel  operating  temperature  is  reduced.  How¬ 
ever.  condensation  effects  in  the  test  section  are  not  immediately 
measurable  because  there  is  not  a  sufficient  number  of  the  larger 
droplets  to  have  an  influence  on  the  thermodynamics  of  the  flow 

•NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

132  *Bursik.  J  W  .  ••Hall,  R  M..  and  * ‘Adcock,  J.  B  A  Two- 
Phase  Mach  Number  Description  of  the  Equilibrium  Flow  of  NRro- 


gen  in  Ducts.  AIAA  14th  Thermophysics  Conference.  June  4-9. 
1979,  in  Orlando.  Florida 

AIAA  79-1051  A 79 -38034# 

For  equilibrium  two-phase  flow  the  squared  ratio  of  mixture 
specific  volume  to  mixture  sound  speed.  /j(g.T)  is  shown  to  have  the 
same  form  as  many  weighted  mean  two-phase  properties;  namely 
3(g,T)  =  g/jfl.T)  *  (1  *  g)/j(0.r)  where  g  is  the  liquid  mass  traction 
and  (j(I.J)and  ^i(O.T)  are  the  isothermal  saturated  liquid  and  vapor 
values  of  3  which  are  generated  for  nitrogen  in  tabulated  form  by  a 
computer  program  With  these  3‘tat3les  a  simplified  method  of 
calculating  two- phase  Mach  numbers  is  developed  for  various  duct 
flows  One-  and  two-phase  Mach  number  jumps  at  phase  boundar¬ 
ies  are  also  discussed 

"Rensselaer  Polytechnic  Institute.  Troy.  NY.  12181 
••NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

133  *Ray.  Edward  J.;  "Ladson.  Charles  L,  ‘Adcock.  Jerry  B.; 
•Lawtng.  Pierce  L;  and  *Hall.  Robert  M.:  Review  of  Design  and 
Operational  Characteristic#  of  fht  0. 3-Meter  Transonic  Cryogenic 
Tunnel.  NASA  TM-80123,  Sept.  1979,  56  pp.  Also  presented  at  the 
1  st  Int.  Symp  on  Cryogenic  Wind  Tunnels,  Southampton.  UK,  Apr 
3-5.  1979  {No  120  in  this  bibliography ) 

N79-32159# 

The  past  6  years  of  operation  with  the  NASA  Langley  0.3-m 
Transonic  Cryogenic  Tunnel  (TCT)  show  that  there  are  no  insur¬ 
mountable  problems  associated  with  cryogenic  testing  with  gas¬ 
eous  nitrogen  at  transonic  Mach  numbers  The  fundamentals  of  the 
concept  were  validated  both  analytically  and  experimentally  and  the 
0.3-mT CT,  with  its  unique  Reynolds  number  capability,  was  used  for 
a  wide  variety  of  aerodynamic  tests.  Techniques  regarding  real-gas 
effects  were  developed  and  cryogenic  tunnel  conditions  can  be  set 
and  maintained  accurately.  Cryogenic  cooling  by  injecting  liquid 
nitrogen  directly  into  the  tunnel  circuit  imposes  no  problems  with 
temperature  distribution  or  dynamic  response  characteristics.  Ex¬ 
perience  with  the  0  1  -m  TCT  indicates  that  there  is  a  significant 
learning  process  associated  with  cryogenic,  high  Reynolds  number 
testing  Many  of  the  questions  have  already  been  answered,  how¬ 
ever.  factors  such  as  tunnel  control ,  run  logic,  economics,  instru¬ 
mentation.  and  model  technology  present  many  new  and  challeng¬ 
ing  problems 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

134  ‘Goodyer,  M.  J  Cryogenic  Wind  Tunnel  Activities  at  the 
University  of  Southampton.  NASA  CR- 159144.  Sept  1979. 10  pp 

N80- 10231# 

The  characteristics  and  behavior  of  a  0.1  -m  transonic  cryo¬ 
genic  wind  tunnel  are  discussed  The  wide  band  of  usable  Reynolds 
numbers  is  analyzed  along  with  a  flow  visualization  technique  using 
propane  The  combination  of  magnetic  suspension  with  the  cryo¬ 
genic  wind  tunnel  is  described  An  outline  of  the  circuit  showing  the 
locations  of  the  magnet  system  and  the  features  of  the  tunnel  are 
presented 

•The  University.  Southampton  S09  5NH.  Hampshire.  U  K. 

NASA  grant  NSG-7523 

135  Cryogenic  Technology.  NASA  CP-2122.  Paris  I  and  II.  Mar 
1980  441  pp 

N82-20357#  (Pt  1) 
N82-20358#  (Pt  (I) 

The  proceedings  of  this  NASA  conference,  held  in  November 
1979,  contain  29  papers  which  address  different  engineering  prob¬ 


lems  associated  with  the  design  of  mechanisms  and  systems  to 
operate  m  a  cryogenic  environment.  The  focal  point  tor  the  entire 
engineering  effort  was  the  design  of  the  National  Transonic  Facility, 
which  is  a  closed-circuit  cryogenic  wind-tunnel  The  papers  covered 
a  variety  ot  subjects  including  thermal  structures  insulation  systems, 
noise,  seals,  controls,  instrumentation,  and  materials.  Papers  also 
addressed  design,  fabrication,  and  instrumentation  problems  for 
models  to  be  tested  in  a  cryogenic  medium  The  general  areas 
covered  by  sessions  were  (1)  Overviews.  (2)  Mechanical/ 
Structural  Design.  (3)  Systems  Design.  (4)  Instrumentation,  and  (5) 
Model/Sting  Technology.  Selected  items  follow  mthis  bibliography 

136  *  Kilgore.  Robert  A.:  Evolution  of  the  Cryogenic  Wind  Tunnel 
and  Experience  With  the  Langley  0.3-m  Transonic  Cryogenic  Tun¬ 
nel.  Cryogenic  Technology.  NASA  CP-2122,  Pt.  I.  Mar.  1980.  pp 
3-48.  (Presented  Nov.  1979.) 

N82-20357#  (pp  3-48) 
This  paper  traces  some  of  the  key  events  m  the  evolution  of  the 
cryogenic  wind  tunnel  leading  up  to  the  decision  in  the  United  States 
to  build  the  National  Transonic  Facility  (NTF),  the  first  major  wind 
tunnel  especially  designed  to  take  advantage  ot  cryogenic  opera¬ 
tion  The  NTF,  which  is  the  subject  of  this  conference,  will  not  only 
close  the  Reynolds  number  gap.  but  wifi  also  provide  for  the  exploita¬ 
tion  of  other  unique  research  capabilities  made  possible  by  cryo¬ 
genic  operation.  A  brief  overview  is  given  of  the  cryogenic  wind 
tunnel  projects  around  the  world  in  order  to  illustrate  the  profound 
impact  the  cryogenic  tunnel  concept  is  having  on  wind  tunnel 
development  This  paper  also  reviews  some  of  our  experiences  with 
the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (TCT),  the  tunnel  in 
which  the  cryogenic  wind  tunnel  concept  was  verified  at  transonic 
speeds,  thereby  making  possible  the  decision  to  build  the  NTF 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 


13?  *  Howell.  Robert  R.  Overview  of  Engineering  Design  and 

Operating  Capabilities  of  the  National  Transonic  Facility.  Cryogenic 
Technology,  NASA  CP-2122.  Pt.  I.  Mar  1980.  pp  49-75  (Presented 
Noy.  1979.) 

N82-20357#(pp  49  751 

An  overview  of  the  engineering  design  of  the  National  Tran¬ 
sonic  Facility  is  presented  The  overview  includes  a  summary  ol  the 
design  goals  and  criteria,  pertinent  design  details  and  the  projected 
facility  performance  The  facility  will  afford  the  nation  a  markedly 
improved  capability  to  test  at.  or  near,  full  scale  Reynolds  number 
and  to  assess  the  effects  of  Reynolds  number,  Mach  number,  and 
model  deformation  on  the  aerodynamics  of  configurations 
•NASA,  Langley  Research  Center.  Hampton.  VA,  23665 

136  *  Bower.  Robert  E  Use  of  the  National  Transonic  Facility  as 

a  National  Testing  Facility.  Cryogenic  Technology.  NASA  CP-2122. 
Pt  I.  Mar  1980,  pp  79-92  (Presented  Nov  1979  ) 

N82-20357#(pp  79  92) 

Special  capabilities  of  the  NTF  are  reviewed  to  encourage 
potential  users  to  start  planning  tor  future  tests  Specific  areas  of 
research  and  development  are  suggested.  User  concerns  such  as 
tunnel  productivity,  data  quality,  and  procedures  for  proposing  spe¬ 
cific  experiments  are  discussed  Participation  by  the  scientific 
community  in  this  opportunity  tor  transonic  research  is  encouraged, 
and  mechanisms  tor  implementation  are  offered 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 
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140  *  Mefsnon.  Frank  £  Overview  of  Structural  and  Mechanical 

Session.  Cryogenic  Technology.  NASA  CP-2122.  Pt  1.  Mar  1980.  5 
pp  (Presented  Nov  1979.) 

N82  20357  #<pp  95  991 
The  Langley  0  3-m  Transonic  Cryogenic  Tunnel  and  the 
National  Transonic  Facility  have  been  described  previously  m  this 
conference  This  session  will  show  examples  of  how  the  tempera¬ 
ture  range  of  the  tunnel  gas.  78K  to  353K  (t40cR  to  635  :R).  affected 
the  design  and  development  ot  structural  and  mechanical  compo¬ 
nents,  and  will  provide  a  detailed  description  of  four  major  develop 
mental  areas 

•NASA.  Langley  Research  Center.  Hampton.  VA  23665 

141  ‘Ramsey.  James  W  ,  Jr  Design  tor  Thermal  Stress.  Cry¬ 
ogenic  Technology.  NASA  CP-2122.  Pt  I.  Mar  1980  pp  101  119 
(Presented  Nov  1979) 

N82-20357#(pp  101-1191 

The  large  cryogenic  wmd  tunnel  structures  inside  the  National 
Transonic  Facility  (NTF)  were  analyzed  and  designed  lor  mechani¬ 
cal  plus  thermal  stresses  The  MJTAS  and  SPAR  computer  programs 
were  utilized  to  solve  the  large,  forced  convection  (up  to  a  700 
to  t  ratio I  driven,  thermal  stress  problem  To  prevent  overstressmg. 
yielding  and  fatiguing,  structural  criteria  were  developed  All 
requirements  from  the  criteria  imposed  on  these  structures  have 
been  exceeded  An  analysis  and  design  procedure  was  developed 
with  two  large  internal  structures  used  to  demonstrate  this  proce¬ 
dure  Several  design  approaches  to  reduce  high  thermal  stresses 
are  presented 

'NASA  Langley  Research  Center.  Hampton  VA,  23665 

142  ’Lassiter  William  S  Noise  Attenuation  in  a  Pi essuri zed, 
Cryogenic  Environment.  Cryogenic  Technology,  NASA  CP-2122. 
Pf  l  Mar  1980,  pp  121  ■  137  (Presented  Noy  1 979) 

N82-20357#(pp  121-137) 
Tests  at  ambient  and  cryogenic  temperatures  showed  that  the 
adhesive  material  used  to  bond  the  resonator  system  together 
retained  shear,  tensile,  and  fatigue  properties  at  cryogenic  tempera  - 
fures  An  attenuation  test  resulted  in  good  agreement  between 
experiment  and  theory  »n  determining  the  attenuation  of  a  prototype 
dual  resonator  panel 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

143  'Joplin  Sammie  D  Status  Report  on  Development  of  Large 
Seats  for  Cryogenic  Applications.  Cryogenic  Technology.  NASA 
CP  21 22  Pt  I.  Mar  i960,  pp  139-155  (Presented  Nov  1979) 

N82-20357#(pp  139-155) 
Several  parameters  have  been  identified  that  influence  seal 
performance  including  surface  finish,  spring  and  pressure  acti¬ 
vation  seal  fit  m  the  groove,  and  treatments  to  the  sealing  surface 
with  polymer  tapes  Tests  are  in  progress  to  establish  the  seal 
performance  with  lubricants,  with  bonded  joints,  and  for  a  radial 
installation  Tests  will  also  be  made  to  establish  that  the  seals  will 
seal  at  cryogenic  temperatures  and  will  seal  variable  gaps  during  a 
thermal  cycle 

'NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

144  'Wingate,  Robert  T  Design  of  Compressor  Fsn  Disks  for 

Large  Cryogenic  Wind  Tunnels.  Cryogenic  Technology.  NASA  CP 
2122.  Pt  I  Mar  1980.  pp  157-176  (Presented  Nov  1979) 

N82-20357#(pp  157  176) 


A  number  of  general  practical  design  considerations  in  the 
design  of  a  large  fan  disk  for  a  transient  cryogenic  environment 
arose  ouf  of  the  National  Transonic  Facility  <NTFi  fan  disk  design 
studies  Highlights  of  these  considerations  including  design  phtioso 
phy  and  factors  influencing  the  geometry  or  external  profile  are 
discussed  Specific  features  ot  the  NTF  fan  disk  design  are  also 
presented  as  an  example  of  a  compromise  design  resulting  from 
tradeoffs  between  these  competing  factors 
'NASA  Langley  fi.  search  Center.  Hampton.  VA.  23665 

145  'Bruce  Walter  £  Jr  Systems  Design  Session  —  Overview. 

Cryogenic  Technology  NASA  CP  2122  Pt  I  Mar  1980  pp  179-184 
(Presented  Nov  1979  ) 

N82-20357#(pp  179  184) 
The  previous  paper  by  Mr  R  R  Howell  entitled  Overview  of 
Engineering  Design  and  Operating  Capabilities  of  the  National 
Transonic  Facility  presented  an  overview  of  the  various  systems  of 
the  tunnel  and  described  the  bas  e  operations  of  eacn  In  this  ses¬ 
sion.  the  focus  wit1  be  on  the  systems  designed  to  control  fluids  and 
energy  which  are  affected  by  the  cryogenic  test  gas  and/or  the 
cryogenic  operation  of  the  tunnel 
’NASA.  Langley  Research  Center  Hampton  VA.  23665 

146  'Watson  Nathan  D  and  'Williams.  Dave  E  Development 
of  an  Internal  Thermal  Insulation  System  for  the  National  Transonic 
Facility.  Cryogenic  Technology.  NASACP-2122.  Pt  l.Mar  1980.  pp 
185  221  (Presented  Nov  1979  ) 

N82-20357#(pp  185  221) 
This  paper  presents  the  results  of  a  design  effort  to  provide  a 
cost  effective  and  reliable  insulation  system  for  the  pressure  shell  of 
the  National  Transonic  Facility  (NTF)  Critical  factors  affecting  the 
choice  of  internal  insulation  instead  of  an  external  insulation  system 
are  discussed  Design  criteria  established  for  the  internal  insulation 
system  are  presented 

'NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

147  'Kelsey  Eugene  L  .and 'Turner,  Robert  D  Connectors  and 
Wiring  for  Cryogenic  Temperatures.  Cryogenic  Technology,  NASA 
CP  2122.  Pt  l.Mar  1980.  pp  223-233  (Presented  Nov  1979) 

N82-20357#(pp  223  233) 

Electrical  connectors  and  wiring  insulation  exposed  to  Cyclic 
cryogenic  thermal  environment  are  subject  to  cyclic  stresses  which 
can  lead  to  cracking  and  failure  of  these  components  This  paper 
describes  a  senes  of  tests  which  were  implemented  to  qualify  con¬ 
nectors  and  wiring  for  the  transient  thermal  environment  of  the 
National  Transonic  Facility  at  NASA  s  Langley  Research  Center 
'NASA.  Langley  Research  Center  Hampton,  VA.  23665 

148  'Kirby.  Cecil  E  Status  of  Mathematical  Modeling  of 
National  Transonic  Facility  Fluid  Dynamic  Processes.  Cryogenic 
Technology.  NASA  CP  2122.  Pt  f.  Mar  1980  pp  235  247  (Pre 
sented  Nov  1979) 

N82-20357#(pp  235  247) 
The  theoretical  basis  of  the  four  different  approaches  being 
used  for  mathematical  modeling  of  the  National  Transonic  Facility 
(NTF)  are  summarized  m  this  paper  along  with  results  of  limited 
experimental  verification  tests  Qualitative  discussions  are  pre¬ 
sented  on  the  tan  and  plenum  /  slotted -waff  test  section  performance 
and  cross  coupling  effects  between  temperature  pressure,  and 
Mach  number  Calculated  results  from  the  computer  model  for 
commanded  changes  m  set  points  are  also  presented 
•NASA  Langley  Research  Center  Hampton  VA  23665 


149  s  A  A  Descriptor)  ol  the  National  Transonic 
Facility  Process  Control  System  'yjqer't  fethruiogy  NASACP 
2 ’22  P*  .*  M<»>  r^btj  l b  <'4S  2S8  i Presented  Nov  i9?9i 

N82  ?0357»ipp  249  258 1 

Hicjr-  ui'.'Q'.k. t  v  ty  .u’d  e,sHfqf  ere  f  nave  beef'  emphasized 
■r  the  desiqr-  ot  me  Nations  Tr arson, e  FaciMy  To  support  these 
goais  a  three  ieve>  iiierarchia'  contro*  system  has  oeen  designed  to 
provide  fast  response  fie^bmry  and  automation  The  control  system 
utilizes  dedicated  analog  controllers  individual  digital  microcompu 
ters  and  a  large  supervisory  computer  Standard  commercial  haid 
ware  >5  used  throughout 

’NASA.  Langley  Research  Center  Hampton.  VA.  23665 

150  *  Buckley  John  0  and 'Sandetur  Paul  G  Jr  Development 
ot  Joining  Techniques  tor  Finned  Tube  Heat  Exchanger  tor  a  Cry¬ 
ogenic  Environment.  Cryogenic  Technology  NASA  CP-2122.  Pf  I. 
Mar  1980  po  259  269  (Presented  Nov  1979) 

N82-20357l»(pp  259  269) 

Three  joining  methods  were  considered  tor  use  <n  fabricating 
cooling  coils  tor  the  National  Transonic  Facility  Results  ol  evalua¬ 
tion  tests  are  presented 

‘NASA.  Langley  Research  Center  Hampton  VA.  23665 

151  ‘Ivey  George  W  Jr  Cryogenic  Gaseous  Nitrogen  Dis¬ 
charge  System  Cryogenic  Technology  NASA  CP-2122  Pt  I  Mar 
1980.  pp  27\  278  (Presented  Nov  1979  » 

N80-20357#(pp  271-278) 

A  discharge  system  tor  dispersing  the  gaseous  nitrogen  exhaust 
ot  the  NTF  into  the  atmosphere  is  described 

‘NASA.  Langley  Research  Center  Hampton  VA.  23665 

152  'Guartno  Joseph  F  instrumentation  Systems  lor  the 
National  Transonic  Facility  —  Overview.  Cryogenic  Technology 
NASACP  2122  Pi  II  Mar  1980  pp  281  286  (Presented Nov  1979 ) 

N82  20358#(pp  281  2861 

intrumentanon  and  measurement  systems  are  important  ele 
menis  m  any  complex  research  taciiity  The  National  Transonic 
Facility  with  its  unique  operational  characteristics  «s  clearly  a  com 
pie*  facility  and  as  such  represents  a  significant  challenge  to  wind 
tunnel  instrument  designers  This  paper  will  briefly  describe  the 
instrument  requirements  imposed  by  the  new  testing  environment, 
the  instrument  systems  being  p'Ovided  tor  facility  calibration  and 
operation,  and  the  research  and  development  activities  directed  at 
meeting  overall  instrument  and  measurement  requirements 
‘NASA.  Langley  Research  Center.  Hampton  VA.  23665 

153  ‘Bryant,  Charles  S  The  National  Transonic  Facility  Data 

System  Complex.  Cryogenic  Technology  NASA  CP- 2 122.  Pt  II. 
Mar  i960,  pp  287  297  (Presented  Nov  1979 ) 

N82-20358#(pp  287-297) 

The  National  Transonic  Facility  Data  System  Complex  will  be 
composed  of  four  central  processing  units  configured  in  a  fully 
connected  distributed  network  Each  of  the  four  computer  systems 
m  this  network  and  the  associated  analog  and  digital  data  acquisi¬ 
tion.  recording,  control,  and  display  equipment  are  described  and 
functional  capabilities  outlined 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 


?54  'Ferns  Alice  T  Cryogenic  Wind  Tunnel  Force  Instrumen¬ 
tation.  Cryogenic  Technology  NASA  CP-2122  Pi  li  Mai  1980.  pp 
299  Ji5  1  Presented  Nov  I979j 

N82-20358*!PP  299  3 1 5 » 

NASA  LaRC  has  developed  one-piece  stram  gage  force  baiar 
ces  tor  use  in  cryogenic  wind  tunnel  applications  This  was  accomp 
tished  by  studying  the  effect  ol  the  cryogenic  environment  on  mater- 
ais.  strain  gages,  cements,  solders  and  moisture-p/ooling  agents 
and  selecting  those  that  minimized  stram  gage  output  cnanges  due 
to  temperature  Wind  tunnel  results  obtained  from  the  Langley  0  3-  m 
Transonic  Cryogenic  Tunnel  were  used  to  verity  laboratory  test 
results 

'NASA.  Langley  Research  Center.  Hampton,  VA  23665 

155  *  Mitchell  Michael  Pressure  Measurement  System  for  the 
National  Transonic  Facility.  Cryogenic  Technology.  NASA  CP 
2122.  Pt  II.  Mar  1980.  pp  317-327  (Presented  Noy_l979) 

N82-20358fMpp  31 7-3271 

Over  the  last  4  years  the  Electronically  Scaled  Pressure  (ESP  1 
Measurement  System  has  been  developed  at  LaRC  with  the  primary 
objective  being  to  satisfy  the  pressure  measurement  requirements  ot 
the  National  Transonic  Facility  The  system  is  capable  of  making  a 
large  number  of  pressure  measurements  simultaneously  The  ESP 
system  has  undergone  an  extensive  field  evaluation  and  the  overall 
results  show  that  the  ESP  system  can  make  measurements  within 
0  25  percent  of  full  scale  m  a  liquid  nitrogen  environment  provided 
the  module  is  contained  m  a  temperature  controlled  enclosure  (cur¬ 
rently  under  development),  maintained  at  a  constant  temperature, 
and  the  system  is  calibrated  immediately  before  each  measurement 
The  system  is  also  compatible  with  the  distributed  processing 
concept. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

156  ‘Finley,  Tom  D  Model  Attitude  Measurements  in  the 
National  Transonic  Facility.  Cryogenic  Technology  NASA  CP 
2122.  Pt  II.  Mar  1980.  pp  329-341  (Presented  Nov  1979) 

N82-20358#(pp  329- 34 1) 

The  National  Transonic  Facility  has  established  a  requirement 
for  the  precise  measurement  of  model  pitch  and  roll  T wo  approaches 
to  this  problem  are  being  explored  The  conventional  approach  to 
model  attitude  measurements  at  the  Langley  Research  Center 
involves  the  use  of  precision  accelerometers  to  oetect  the  attitude  ot 
the  model  with  respect  to  the  local  vertical.  Testing  has  indicated 
that  this  technique  can  be  used  in  the  NTF  with  only  a  slight  degrada¬ 
tion  m  accuracy  A  problem  which  persists  when  using  acceler - 
ometers  is  that  ot  response.  The  slow  response  of  this  type  ot 
measurement  system  has  forced  us  to  consider  the  use  of  an  optical 
measurement  system.  A  contract  presently  in  effect  calls  tor  the 
study  of  the  problems  associated  with  using  an  interferometric  angle 
measurement  system  in  the  NTF  environment  This  paper  describes 
the  work  done  to  date  on  both  these  approaches 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

157  ‘Germain.  Edward  F  Temperature  Instrument  Develop¬ 
ment  for  a  Cryo  Wind  Tunnel.  Cryogenic  Technology,  NASA  CP- 
2122.  PI  II.  Mar  1980.  pp  343-351  (Presented  Noy.  1_?79.) 

N82-20358#(pp  343-351) 

The  development  work  which  extended  conventional  wind  tun¬ 
nel  thermometry  into  the  cryogenic  wind  tunnel  range  is  reviewed 
The  emphasis  is  on  stagnation  temperature  measurements  where  a 
mix  of  platinum  resistance  thermometers  and  thermocouples  is 
necessary  to  satisfy  all  the  requirements  Calibration  and  thermo- 
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couple  homogeneity  test  equipment  are  described 
'NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

158  *  Holmes.  H  K  Model  Deformation  Measurement*  in  the 
National  Transonic  Facility.  Cryogenic  Technology.  NASA  CP- 
2122.  Pt.  H.  Mar  i960,  pp  353-361  (Presented  Nov_  1979  ) 

N82-20358#(pp  353-361) 

Four  measurement  approaches  are  discussed:  Stereo  photo- 
grammetry,  scanning  stereo  photogrammetry,  Moire  topography, 
and  microwave  modulated  laser  beams.  Several  problem  areas 
which  must  be  accommodated  —  sensor  motion,  target  mounting, 
surface  constraints,  and  computational  complexities  —  have  been 
identified 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

159  'Young.  Clarence  P.  Jr  Cryogenic  Models/Sting  Tech¬ 
nology  Session  —  Overview.  Cryogenic  Technology.  NASA  CP- 
2122.  Pt  11.  Mar  1980.  pp  365-371  (Presented  Nov_  1979  ) 

N82-20358#(pp.  365-371) 

The  advent  of  high  Reynolds  number,  high  dynamic  pressure 
testing  in  a  cryogenic  environment  offers  exciting  and  difficult  chal¬ 
lenges  tor  the  researcher  and  model/sting  systems  design  engi¬ 
neers  Although  much  experience  has  been  obtained  in  the  use  of 
the  Langley  0.3-m  Transonic  Cryogenic  Tunnel,  new  technology 
is  required  for  the  design  and  fabrication  of  models/ stings  tor 
testing  at  high  Reynolds  numbers  and  high  pressures  in  the  new 
National  Transonic  Facility  The  technology  activities  reported  in 
this  overview  are  just  getting  underway  at  Langley  Research  Center 
and  are  expected  to  be  a  continuing  effort  until  the  NTF  is  opera¬ 
tional  The  papers  selected  for  publication  in  this  session  of  the 
proceedings  represent  the  experience  obtained  to  date  and  reflect 
the  areas  of  work  that  are  believed  to  be  of  primary  interest  to 
potential  users  of  the  National  Transonic  Facility 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

160  'McKinney.  Linwood  W  Considerations  in  the  Selection  of 
the  Pathfinder  Model  Configurations.  Cryogenic  Technology,  NASA 
CP-2122.  Pf  II.  Mar  1980,  pp.  373-381.  (Presented  Nov  1979.) 

N82-20358#(pp  373-381) 

An  advanced  transport  and  a  highly  maneuvering  fighter  con¬ 
figuration  have  been  selected  as  initial  models  for  the  cryogenic 
high  dynamic  pressure  model  technology  development  program 
These  models  will  provide  a  basis  for  establishing  practical  achiev¬ 
able  Reynolds  number  boundaries  based  on  model  stresses  and 
model /balance/sting  system  dynamics  The  model  loads,  thus  the 
stresses,  will  be  constant  in  the  NTF  when  matching  full  scale 
airplane  Reynolds  numbers  over  the  altitude  range  at  a  constant 
load  factor  The  maximum  Reynolds  number  obtainable  under  these 
conditions  will  be  limited  by  the  influence  of  dynamic  pressure  on 
model /balance /sting  system  dynamics  Reynolds  numbers  to  25 
million,  based  on  chord,  can  be  obtained  on  the  Pathfinder  models  in 
the  NTF  with  no  increase  in  loads  over  those  encountered  in  existing 
tunnels  These  models  represent  advanced  technology  configura¬ 
tions  and  will  be  used  for  parametric  research  studies 
•NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

161  'Gloss,  Blair  B  Some  Aerodynamic  Consideration*  Related 
to  Surface  Definition.  Cryogenic  Technology.  NASA  C P-2122.  Pt  II. 
Mar  1980.  383-393  (Presented  Nov.  1979  ) 

N82-20358#(pp  383-393) 

The  requirement  for  high  quality  National  Transonic  Facility  test 
data  and  the  high  Reynolds  number  capability  of  the  NTF  have 


caused  NASA  to  reexamine  the  areas  of  model  fabrication  toler¬ 
ances,  model  surface  finish,  and  orifice  induced  pressure  error  The 
results  of  this  reexamination  and  planned  research  programs  to 
extend  the  data  base  are  described  m  this  paper 

'NASA,  Langley  Research  Center.  Hampton  VA.  23665 

162  'Bradshaw.  James  F  ,  and  *  Lietzke.  Donald  A  Pathfinder  I 
Model.  Cryogenic  Technology.  NASA  CP- 2122,  Pt  ll  Mar  i960,  pp 
395-410  (Presented  Nov  1979  ) 

N82-20358#  (pp  395-410) 
This  paper  describes  the  Pathfinder  l  Model  that  has  been 
designed  for  testing  m  the  National  Transonic  Facility  Unique  con¬ 
siderations  tor  the  design  ol  cryogenic  models  are  discussed  along 
with  the  particular  design  requirements  for  Pathfinder  i  The  geo¬ 
metric  details  of  the  model  are  provided  and  various  features  of  the 
model  components  are  discussed,  along  with  a  description  of 
design  validation  test  support  activities.  Also,  data  are  presented 
which  emphasize  the  importance  of  material  selection  as  it  influen¬ 
ces  the  model  test  program  because  ot  material  property  changes 
with  temperature  It  is  found  that  good  engineering  practice  with 
proper  consideration  given  to  the  cryogenic  environment  and  spe¬ 
cific  test  requirements  will  produce  a  model  acceptable  to  testing  in 
the  National  Transonic  Facility 

'NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

163  'Hunter.  William  F  Analysis  and  Testing  of  Model /Sting 

Systems.  Cryogenic  Technology.  NASA  CP-2122.  Pt.  II.  Mar  1980 
pp  411-422  (Presented  Nov  1979.) 

N82-20358#(pp  411-422) 
The  analysis  and  tesling  approach  for  model/stmg  systems 
being  designed  tor  the  National  Transonic  Facility  at  Langley 
Research  Center  is  presented  in  this  paper  Principal  areas  of  analy¬ 
sis  are  discussed  along  with  the  development  of  mathematical  mod  - 
els  that  are  being  employed  for  various  analyses.  The  interrelation 
and  importance  of  rigorous  analysis  and  verification  testing  m  the 
design  of  model  /  sting  systems  for  cryogenic,  high  Reynolds  number 
testing  are  emphasized  The  ongoing  analysis  and  verification  test¬ 
ing  applications  to  the  design  ot  the  first  developmental  model. 
Pathfinder  I.  are  described  and  some  preliminary  results  are  given 

'NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

164  'Hudson,  C  Michael  Material  Selection  (or  the  Pathfinder  I 
Model.  Cryogenic  Technology,  NASA  CP-2122,  Pt  U.  Mar  i960,  pp 
423-441  (Presented  Nov  1979.) 

N82-20358#(pp  423-441) 
The  extremely  low  wind-stream  temperatures  (approximately 
78  K  m  the  National  Transonic  Facility)  can  significantly  reduce  the 
fracture  toughness  ol  many  of  the  materials  which  might  be  used  m 
constructing  wind-tunnel  models  Conversely,  high  fracture  tough¬ 
ness  is  essential  for  the  first  model  to  be  tested  in  the  NTF  (the 
so-called  Pathfinder  I  model)  because  the  stresses  in  the  vicinity  of 
structural  discontinuities  are  quite  high  These  high  stresses,  if 
applied  to  relatively  low  toughness  materials,  would  result  in  unac 
ceptably  small  critical  flaw  sizes  To  preclude  the  possibility  of 
developing  such  small  critical  flaws  (which  would  be  difficult  to 
detect),  a  materials  survey  was  conducted  to  determine  which  mate¬ 
rials  possessed  adequate  strength  and  toughness  at  78  K  ( 1 40°  R)  to 
be  considered  for  model  construction  The  Fracture  and  Detorma 
tion  Division  of  the  National  Bureau  of  Standards  developed  a  prelim  - 
wary  list  of  candidate  materials  NASA  Langley  personnel  subse 
quently  expanded  this  list  to  include  several  additional  materials 
NASA  Langley  personnel  further  developed  a  series  of  factors  which 
governed  the  selection  of  the  materials  for  model  fabrication  These 
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factors  included  strength  properties,  fracture  toughness,  availa¬ 
bility,  corrosion  resistance,  machinabitity.  cost,  and  delivery  The 
weldability  ot  the  material  was  not  an  important  factor  for  this  model 
since  no  structural  welding  will  be  done  This  paper  presents  the 
results  of  the  studies  to  select  an  optimum  material  for  fabricating 
Pathfinder  I. 

‘NASA,  Langley  Research  Center,  Hampton.  VA.  23665 


165  ‘Kilgore.  Robert  a  Development  of  the  Cryogenic  Tunnel 
Concept  and  Application  to  the  U.S-  National  Transonic  Facility. 

Paper  No  2  in  AGARDograph  No.  240.  '  Towards  New  Transonic 
Wmdtunnels. '  Nov.  1979.  27  pp. 

N80-19139# 

Based  on  theoretical  studies  and  experience  with  a  low-speed 
fan  -driven  tunnel  and  with  a  pressurized  transonic  tunnel,  the  cryo¬ 
genic  wind-tunnel  concept  has  been  shown  to  offer  many  advan¬ 
tages  with  respect  to  the  attainment  of  full-scale  Reynolds  number  at 
reasonable  levels  of  dynamic  pressure  in  a  ground-based  facility. 
The  unique  modes  of  operation  available  in  a  pressurized  cryogenic 
tunnel  make  possible  for  the  first  time  the  separation  of  Mach 
number,  Reynolds  number,  and  aeroelastic  effects.  By  reducing  the 
drive-power  requirements  to  a  level  where  a  conventional  fan -drive 
system  may  be  used,  the  cryogenic  concept  makes  possible  a  tunnel 
with  high  productivity  and  run  times  sufficiently  long  to  allow  for  all 
types  of  tests  at  reduced  capital  costs  and.  for  equal  amounts  of 
testing,  reduced  total  energy  consumption  in  comparison  with  other 
tunnel  concepts.  A  new  fan-driven  high  Reynolds  number  transonic 
cryogenic  tunnel  is  now  under  construction  in  the  United  States  at 
the  NASA  Langley  Research  Center.  The  tunnel,  to  be  known  as  the 
National  Transonic  Facility  (NTF).  will  have  a  2.5  by  2.5m  test  section 
and  will  be  capable  of  operating  from  ambient  to  cryogenic  tempera¬ 
tures  at  stagnation  pressures  up  to  8.8  atm.  By  taking  full  advantage 
of  the  cryogenic  concept  the  NTF  will  provide  an  order  of  magnitude 
increase  in  Reynolds  number  capability  over  existing  tunnels  in  the 
United  States. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

166  'Hartzuiker,  J.  P;  "Christophe,  J.;  " ‘Lorenz -Meyer.  W; 
and  **" Pugh.  P  G.  The  Cryogenic  Wlndtunnef;  Another  Option  for 
the  European  Transonic  Facility.  Paper  No.  3  in  AGARDograph  No. 
240.  ‘Toward  New  Transonic  Windtunnels."  Nov.  1979. 15  pp. 

N80-19140# 

A  new  option  for  the  proposed  European  transonic  wind  tunnel 
is  described:  a  cryogenic  facility  with  test-section  dimensions  com¬ 
patible  with  existing  major  European  transonic  facilities.  The  tunnel 
performance  is  to  the  functional  specification  of  the  LaWs  Group 
(Reynolds  number  based  on  mean  aerodynamic  chord  variable 
between  25*10*  and  40*  10*).  The  advantages  and  drawbacks  ot 
cryogenic  testing  as  well  as  fundamental  aspects  of  cryogenic  aero¬ 
dynamics  are  discussed.  Comparative  estimates  for  capital  and 
operating  costs  are  presented. 

•National  Aerospace  Laboratory.  Anthony  Fokkerweg  2.  1059  CM 
Amsterdam,  The  Netherlands 

**ONERA.  BP  72. 92322  Chatillon  Cedex,  France 

"'DFVLR,  Bunsenstrasse  10.  D-3400  Goettingen.  West  Germany 
(FRG) 

••••Royal  Aircraft  Establishment  Bedford  MK41  6AE.  U.K. 

167  *Balakrishna,  S  Synthesis  of  a  Control  Model  tor  a  Liquid 
NHrogen  Cooled.  Closed  Circuit,  Cryogenic  Nitrogen  Wind  Tunnel 


and  its  Validation.  Progress  Rept..  period  ending  Sept  1979  NASA 
CR- 162508,  Npy  J979. 142  pp. 

N80- 13058# 

The  details  of  the  efforts  to  synthesize  a  control-compatible 
multivariable  model  ot  a  liquid  nitrogen  cooled,  gaseous  nitrogen 
operated,  closed  circuit  cryogenic  pressure  tunnel  are  presented 
The  synthesized  model  was  transformed  into  a  real-time  cryogenic 
tunnel  simulator,  and  this  model  is  validated  by  comparing  the  model 
responses  to  the  actual  tunnel  responses  of  the  0.3-m  Transonic 
Cryogenic  Tunnel  using  the  quasi -steady -state  and  the  transient 
responses  of  the  model  and  the  tunnel.  The  global  nature  of  the 
simple,  explicit,  lumped  multivariable  model  of  a  closed  circuit  cry¬ 
ogenic  tunnel  is  demonstrated. 

•Old  Dominion  University.  Norfolk.  VA.  23508 
NASA  Grant  NSG-1503 

168  'Younglove,  Ben;  and  'McCarty,  R.  D.:  Thermodynamic 
Properties  of  Nitrogen  Get  Derived  from  Measurements  of  Sound 
Speed.  NASA  RP-1051.  Dec.  1979.  53  pp  Also  NBSIR  79-1611 

N80- 14257# 

A  virial  equation  of  state  for  nitrogen  has  been  determined  by 
use  of  newly  measured  speed-of-sound  data  and  existing  pressure- 
density-temperature  data  in  a  multiproperty-fitting  technique.  The 
experimental  data  taken  were  chosen  to  optimize  the  equation  of 
state  for  a  pressure  range  of  0  to  1 0  atm  and  for  a  temperature  range 
of  60  to  350  K.  Comparisons  are  made  for  thermodynamic  properties 
calculated  both  from  the  new  equation  and  from  existing  equations 
of  state. 

'National  Bureau  of  Standards.  Boulder.  CO.  80302 
Fi  •  ded  by  NASA  Langley  Research  Center.  Hampton.  VA 

169  'Johnson,  W.G.,  Jr;  and  'Igoe.W.  B  :  Aerodynamic  Charac¬ 
teristics  at  Low  Reynolds  Numbers  of  Several  Heat-Exchanger  Con¬ 
figurations  tor  Wind  Tunnel  Use.  NASA  TM-801 88.  Dec.  1979. 54  pp 

N80- 14046# 

In  response  to  design  requirements  of  the  National  Transonic 
Facility,  aerodynamic  tests  were  conducted  t?  determine  the 
pressure- drop,  flow-uniformity,  and  turbulence  unaracteristics  of 
various  heat-exchanger  configurations  as  a  function  of  Reynolds 
number.  Data  were  obtained  in  air  with  an  indraft  flow  apparatus 
operated  at  ambient  temperature  and  pressure.  The  unit  Reynolds 
number  of  the  tests  varied  from  about  0.06*10*  to  about  1.3  J*  per 
meter.  The  test  models  were  designed  to  represent  segments  of 
full-scale  tube  bundles  and  included  bundles  of  round  tubes  with 
plate  tins  in  both  staggered  and  inline  tube  arrays,  round  tubes  with 
spiral  fins,  elliptical  tubes  with  plate  fins,  and  an  inline  grouping  of 
tubes  with  segmented  fins. 

'NASA,  Langley  Research  Center,  Hampton,  VA,  23665 

170  'Mueller,  M.  H.;  'Clausing.  A.  M.;  'Clark.  G.  L.  Jr.;  'Weiner. 
J.  G.;  and  'Kempka,  S.  N :  Description  of  UIUC  Cryogenic  Wind 
Tunnel  Including  Pressure  Distributions,  Turbulence  Measure¬ 
ments  snd  Heel  Transfer  Data.  Univ.  ot  III.  Tech.  Rept  ENG- 79-401 3, 
Dec.  1979.  91  pp. 

N82-77683# 

The  UIUC  cryogenic  heat  transfer  tunnel  is  a  recirculating  type 
wind  tunnel  with  a  rectangular  test  section  Cooling  is  achieved  by 
the  use  of  liquid  nitrogen,  and  the  tunnel  can  be  operated  anywhere 
between  80  K  and  300  K.  Different  types  of  tests  were  conducted  in 
order  to  qualify  the  wind  tunnel  by  comparing  results  obtained  with 
well  documented  work.  Results  are  given  and  discussed.  Models 


i 


used  are  described  The  wind  tunnel  proved  to  be  a  satisfactory 
means  of  studying  heat  transfer  phenomena. 

'University  of  Illinois  at  Urbana-Champaign,  Urbana.  IL.  61801 

171  'Kilgore.  Robert  A  Wind  Tunnel.  McGraw-Hill.  1979,  Year¬ 
book  of  Science  and  Technology,  pp.  413-415 

A  means  for  meeting  the  need  for  improved  Reynolds  number 
capability  tn  wind  tunnels  has  been  provided  at  the  NASA  Langley 
Research  Center  in  Hampton.  Va ,  by  the  development  of  tunnels 
capable  of  operating  at  cryogenic  temperatures,  with  minimum 
temperatures  near  77  K  (-321  °F)  Cooling  the  wind  tunnel  test  gas  to 
cryogenic  temperatures  results  in  a  large  increase  in  Reynolds 
number  without  raising  dynamic  pressure,  while  reducing  the  tunnel 
drive-power  requirements.  The  cryogenic  concept  is  explained  and 
several  small  cryogenic  wind  tunnels  are  described  The  largest 
cryogenic  tunnel  is  the  National  Transonic  Facility  (NTF).  under 
construction  at  the  Langley  Research  Center,  which  will  meet  the 
high-Reynofds  number  testing  needs  of  the  U.S.A. 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

172  'Blanchard.  A..  'Dor,  J  B  .  and  'Bren.  J.  F  Mesures  des 
Fluctuations  d«  Temperature  et  de  Preeeion  dans  te  Soufflerie 

Cryogenique  T’2.  (Toulouse).  Repl  No  OA8/5007  and  DERAT  No. 
8.5007  DN.  Jan  1980.  22  pp.  (English  translation  follows  as  the  next 
entry.) 

'ONERA/CERT.  8P  4025,  31055  Toulouse  Cedex,  France 

173  'Blanchard.  A  .  'Dor.  J  B.;and  'Breil.  J  F  :  Measurement*  of 
Temperature  and  Preeeure  Fluctuations  in  the  T’2  Cryogenic  Wind 
Tunnel.  NASA  TM-75408.  Oct.  1980.  48  pp  Transl  by  Kanner  (Leo) 
Associates.  Redwood  City.  CA  (For  original  French  article,  see  the 
preceding  entry  in  this  compilation.) 

N8 1-26 158# 

Cold  wire  measurements  of  temperature  fluctuations  were 
made  in  a  DERAT  T'2  induction  powered  cryogenic  wind  tunnel  for  2 
types  of  liquid  nitrogen  injectors.  Thermal  turbulence  measured  in 
the  settling  chamber  depends  to  a  great  extent  on  the  injector  used, 
for  fine  spray  of  nitrogen  drops,  this  level  of  turbulence  seemed 
completely  acceptable  Fluctuations  in  static  pressure  taken  from 
(he  walls  of  the  test  section  by  Kulite  sensors  showed  that  there  was 
no  increase  in  aerodynamic  noise  during  cryogenic  gusts. 
'ONERA/CERT.  BP  4025, 31055  Toulouse  Cedex,  France 
NASA  Contract  NASw-3199 

174  'Dinguirard.  M.;  'Serrot,  G.;  'Duffaut,  J.;  'Blanchard.  A. 
'Dor,  J.  B ,  and  'Breil.  J-  F.:  Etude  Qualitative  de  1*  Apparition  du 
BrouNHard  d' Azote  dan*  la  Soufflerie  Cryogenique  a  Induction  T'2, 
ONERA/CERT  Rept.  1  /6059,  Feb.  I960  73  pp.  Translated  into  Eng¬ 
lish  by  Kanner  (Leo)  Associates,  Redwood  City,  CA  Qualitative 
Study  of  the  Appearance  of  Nitrogen  Fog  in  the  Cryogenic  Induc¬ 
tion  Wind  Tunnel  T‘2.  NASA  TM-  75857,  Aug  1980  64  pp  (U  S.  Gov’t. 
Agencies  and  Their  Contractors  Only ) 

X81- 10353  (Translation) 

'ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex.  France 

175  'Howell  Robert  R  The  National  Transonic  Facility:  Status 

and  Operational  Planning.  Presented  at  the  AIAA  1 1  th  Aerodynamic 
Testing  Conference,  Denver.  Colorado.  Mar  18-20,  1980  9  pp 
AiAA  Paper  80-0415  A80-26930# 

The  construction  of  the  National  T ransonic  Facility  is  advancing 
on  schedule  toward  a  target  completion  date  m  1982  Several  resid¬ 
ual  concerns  remain  which  may  emerge  as  problems  m  the  opera¬ 


tion  of  the  facility.  Among  these  are  thermal  stress  constraints  which 
may  limit  the  rate  at  which  temperatures  can  be  changed,  seal 
performance  in  a  dynamic  cryogenic  environment  which  may  result 
in  undesirable  internal  flow  leaks,  and  inadequate  understanding  of 
the  detailed  tunnel  flow  process  which  could  result  in  inefficient 
process  controls  The  current  design  affords  the  capability  of  deal¬ 
ing  with  ail  of  these  concerns  if  they  become  problems.  The  out¬ 
standing  instrument  need  is  for  a  real  time  model  surlace  detorma- 
tion  measurement  system.  A  program  for  the  development  of  this 
instrument  system  is  underway  The  user  access  to  the  National 
Transonic  Facility  has  been  addressed  and  a  plan  developed  which 
will  allow  any  qualified  user  access  to  the  facility.  The  use  of  the  NT  F 
by  organizations  outside  of  NASA  is  encouraged  A  practical  look  at 
the  occupancy  cost  and  the  cost  of  liquid  nitrogen  for  high  Reynolds 
number  tests  indicates  that  operating  costs  should  not  be  an  inhibit¬ 
ing  factor  in  the  use  of  the  NTF. 

'NASA,  Langley  Research  Center.  Hampton,  VA,  23665 

176  'Thibodeaux,  Jerry  J..  and  "Balakrishna,  S  Automatic 
Control  of  NASA  Langley '•  0.3 -Meter  Cryogenic  Test  Facility.  Pres  - 
ented  at  the  AIAA  11th  Aerodynamic  Testing  Conference.  Colorado 
Springs,  Colorado,  Mar  .J  8-20,  i960  15  pp 

AIAA  Paper  80-0416  A80-26931  # 

Experience  during  the  past  6  years  of  operation  of  the  Langley 
0  3-m  Transonic  Cryogenic  Tunnel  has  shown  that  there  are  prob¬ 
lems  associated  with  efficient  operation  and  control  of  cryogenic 
tunnels  using  manual  control  schemes  This  is  due  to  the  high 
degree  of  process  crosscouphng  between  the  independent  control 
variables  (temperature,  pressure,  and  fan  drive  speed)  and  the 
desired  test  condition  (Mach  number  and  Reynolds  number)  One 
problem  has  been  the  inability  to  maintain  long-term  accurate  con¬ 
trol  of  the  test  parameters  Additionally,  the  time  required  to  change 
from  one  test  condition  to  another  has  proven  to  be  excessively  long 
and  much  less  efficient  than  desirable  in  terms  of  liquid  nitrogen  and 
electrical  power  usage  For  these  reasons,  studies  have  been  under - 
taken  to  p)  develop  and  validate  a  mathematical  model  of  the 0.3- r- 
cryogenic  tunnel  process.  (2)  utilize  this  model  in  a  hybrid  computer 
simulation  to  design  temperature  and  pressure  feedback  contro 
laws,  and  (3)  evaluate  the  adequacy  of  these  control  scheme? 
analysts  of  closed-loop  experimental  data  This  paper  present 
results  ot  these  studies 

'NASA.  Langley  Research  Center,  Hampton.  VA.  23665 
"Old  Dominion  University.  Norfolk.  VA.  23508 

177  'Johnson.  Charles  B  A  Study  of  Nonadiabattc  Boundary- 

Layer  Stabilization  Time  in  a  Cryogenic  Tunnel  lor  T ypicel  Wing  and 
Fuselage  Models.  Presented  at  the  AIAA  1 1  th  Aerodynamic  Testing 
Conference.  Colorado  Springs.  Colorado.  Mar.  18-20,  1980.  9  pp, 
AIAA  Paper  80-0417  A80-26932# 

A  theoretical  study  has  been  made  ot  the  time  varying  effect  of 
nonadiabatic  wall  conditions  on  boundary  layer  properties  for  a 
two-dimensional  wing  section  and  an  axisymmetnc  body  of  revolu¬ 
tion  typical  of  a  fuselage  The  wing  section  and  body  ot  revolution 
are  representative  of  the  root  chord  and  fuselage  of  what  <s  consi 
dered  to  be  a  typical  size  transport  model  for  the  National  T ransonic 
Facility.  The  transient  analysis  was  made  at  a  Mach  number  of  0  85. 
lor  stagnation  pressures  of  2.  6.  and  9  atm  at  several  cryogenic 
values  of  total  temperature  for  a  solid  wing  and  for  three  different 
fuselage  skin  thickness  configurations  The  analysis  considered 
wing  and  fuselage  sections  made  from  stainless  steel,  beryllium 
copper,  and  aluminum.  Examples  are  presented  that  may  be  used  to 
determine  the  time  required  to  reach  an  adiabatic  condition  after  a 
change  in  total  temperature 

'NASA.  Langley  Research  Center.  Hampton.  VA,  23665 
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178  "Adcock.  Jerry  B.;  and  'Johnson,  Charles  B  A  Theoretical 
Analysis  of  Simulated  Transonic  Boundary  Layers  in  Cryogenic* 
Nitrogen  Wind  Tunnels.  NASA  TP-1631.  Mar.  I960.  37  pp 

N80-19131# 

A  theoretical  analysis  has  been  made  to  determine  the  real  -gas 
effects  on  simulation  of  transonic  boundary  layers  in  wind  tunnels 
with  cryogenic  nitrogen  as  the  test  gas  The  analysis  included 
Ian  inar  and  turbulent  flat- plate  boundary  layers  and  turbulent 
boundary  layers  on  a  two-dimensional  airloil  The  results  indicate 
tha  Uuuj'dary  layers  in  such  wind  tunnels  should  not  be  substan¬ 
tially  diffe'ent  from  ideal-gas  boundary  layers  at  standard 
O-  nditiun.a.  At  a  pressure  ot  90  atm,  two  separate  effects  produce 
deviations  of  real-gas  values  from  ideal-gas  values  which  are  in  the 
opposite  direction  from  deviations  at  1  0  atm  and  are  of  the  same 
insignificant  order  of  magnitude.  Results  also  show  that  nonadia- 
batic  boundary  layers  should  be  adequately  simulated  if  the  enthalpy 
ratio  is  the  correlating  parameter  rather  than  the  temperature  ratio 

-NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

179  -Balakrishna,  S.:  Automatic  Control  of  a  Liquid  Nitrogen 
Cooled,  Closed-Circuit,  Cryogenic  Pressure  Tunnel.  Progress 
Report  tor  the  period  Oct.  1979-March  1980.  Submitted  by  the  Old 
Dominion  University  Research  Foundation.  Norfolk,  VA.  NASA  CR- 
162636,  Mar.  1980.  97  pp. 

N 80-22366# 

This  report  details  the  control  analysis  phase  of  the  project 
"Modeling  and  Control  of  Transonic  Cryogenic  Wind  Tunnels," 
sponsored  by  NASA  Langley  Research  Center  (LaRC).  The  contents 
of  this  document  complement  the  modeling  phase  activity  which  has 
been  reported  as  "Synthesis  of  a  Control  Model  for  a  Liquid  Nitrogen 
Cooled.  Closed  Circuit,  Cryogenic  Nitrogen  Wind  Tunnel  and  its 
Validation"  (entry  167  in  this  compilation).  This  document  reports  the 
details  of  control  law  design,  proof  of  its  adequacy,  microprocessor 
compatible  software  design,  and  electronic  hardware  realization 
and  its  successful  performance  on  the  0.3-m  Transonic  Cryogenic 
Tunnel  at  NASA  LaRC. 

-Old  Dominion  University,  Norfolk,  VA.  23508 
NASA  Grant  NSG-1503 

180  -Bald,  W.  B  :  A  Discussion  Document  on  the  Thermal 
Design  of  Force  Balances  for  Cryogenic  Wind  Tunnels.  Rept.  no 
OUEL-1321/80,  Mar.  1980.  41  pp. 

N81-24119# 

The  design  performance,  and  theory  of  unheated  and  heated 
balances  are  reviewed.  As  extensive  strain  gage  calibration  is 
necessary  for  unheated  balances,  they  are  not  considered  as  favor¬ 
able  as  heated  ones.  Five  heaters  are  utilized  in  the  heated  balance 
arrangement  proposed  Their  role  is  to  compensate  for  conductive 
losses  and  to  prevent  and  minimize  convective  losses.  Finite  ele¬ 
ment  techniques  are  employed,  details  being  given  about  the 
appropriate  computer  packages.  The  results  of  preliminary  tempera¬ 
ture  measurements  made  on  a  TEM  1004/101  half  balance  are 
given,  the  outputs  from  the  thermocouples  used  being  fed  via  simple 
conditioning  amplifiers  into  a  U.V.  recorder.  The  results  indicate  that 
further  work  is  necessary  to  optimize  design  and  performance. 
•Dept  of  Engineering  Science.  Parks  Road.  Oxford  Univ.,  Oxford 
OX1  3PJ.  U  K. 

Contract  no.  AT/2057/072/XR/AERO 


181  -Adcock.  Jerry  B  Slmu.  an  of  Flat-Plat#  Turbulent 
Boundary  Layers  in  Cryogenic  Tunnels.  Journal  of  Aircraft,  vof.  1 7. 
Apr.  1980.  pp  284-285 

A80-28855# 

The  magnitudes  of  real-gas  effects  on  flat-plate  turbulent 
boundary  layer  simulations  in  a  cryogenic  nitrogen  wind  tunnel  are 
investigated  in  order  to  determine  the  validity  of  the  method  used  by 
Inger  (1979)  to  estimate  real -gas  effects  Boundary  layer  solutions 
lor  real  gases,  ideal  gases  with  a  specific  heat  ratio  of  1  6  and  ideal 
diatomic  gases  (specific  heat  ratio  1 .4)  were  obtained  for  the  worst 
case  conditions  of  maximum  stagnation  pressure  (9  atm),  minimum 
stagnation  temperature  (120  K)  and  Mach  number  of  1  2  Calculated 
boundary  layer  parameters  such  as  friction  coefficient  and  dis¬ 
placement  thickness  are  shown  to  agree  closely  for  the  real  gas  and 
the  ideal  diatomic  gas  (specific  heat  ratio  i  4).  while  the  ideal  gas 
solution  used  by  Inger  is  shown  to  differ  from  the  real -gas  values 
considerably.  Results  indicate  that  real-gas  effects  on  a  flat- plate 
turbulent  boundary  layer  simulation  in  a  cryogenic  nitrogen  tunnel 
are  insignificant  and  suggest  the  unlikelihood  of  the  large  real -gas 
effects  reported  by  Inger  for  turbulent  boundary  layer  shock  mterac  - 
tions. 

-NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

182  -Goodyer.  M.  J.  (Lecture  Series  Director)  Cryogenic  Wind 
Tunnels;  AGARD/VKI  Lecture  Series  111.  Presented  May  19-23. 
1980,  at  Rhode-Saint-Genese.  Belgium  and  May  27-30.  1980.  at 
NASA  Langley  Research  Center,  Hampton.  VA 

N81-11048# 

This  Lecture  Series  is  designed  for  engineers,  including  those 
experienced  with  conventional  wind  tunnels,  wishing  to  acquire  in  a 
concentrated  form  the  principles  and  practice  of  cryogenic  wind 
tunnels  The  emphasis  is  on  the  unfamiliar  facets  ot  technology 
which  must  be  applied,  and  on  solutions  to  special  problems  which 
arise  from  the  exploitation  of  a  low  temperature  test  gas.  Lectures 
provide  up-to-date  information  on  the  aerodynamic  and  mechanical 
design  of  continuous  and  intermittent  cryogenic  wind  tunnels  and 
their  models,  and  on  techniques  tor  controlling  test  parameters. 
Design  information  includes  properties  of  materials,  the  storage  and 
handling  of  cryogenic  liquids,  insulation  systems  for  pipelines  and 
tunnel  circuits,  and  safety  requirements.  Solutions  are  included  for 
the  special  requirements  of  instrumentation  systems  tor  plant,  tun¬ 
nel.  and  model.  The  physical  processes  will  be  described  which 
determine  the  lower  limits  of  operating  temperature.  The  four  major 
cryogenic  wind  tunnel  projects  for  aeronautical  testing  are  also 
described.  Two  of  these  being  in  the  U.S.A.  and  two  in  Europe. 
•The  University,  Southampton  S09  5NH,  Hampshire.  U  K. 

Note.  The  Series  was  sponsored  by  the  Fluid  Dynamics  Panel  of 
AGARD  and  implemented  by  the  von  K arman  Institute.  Nineteen 
papers  were  presented  and  are  listed  immediately  following  this 
entry. 

1 83  -Goodyer,  M  J  Introduction  to  the  Principles  of  Cryogenic 
Wind  Tunnels  with  Outlines  of  Potential  Applications.  Presented  as 
Paper  No.  1  at  the  AGARD/VKI  Lecture  Series  111,  May  19-23, 1980 
at  Rhode-Saint-Genese,  Belgium  and  May  27-30,  1980  at  NASA 
Langley  Research  Center.  Hampton.  VA. 

N81-1 1049# 

•The  University,  Southampton  $09  5NH,  Hampshire,  U  K. 

184  •Scurlock,  R.  G.:  Cryogenic  Engineering  I.  Presented  as 
Paper  No  2  at  the  AGARD/VKI  Lecture  Series  111.  May  19-23, 1 980 
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at  Rhode-Saint-Genese.  Belgium  and  May  27-30.  1980  at  NASA 
Langley  Research  Center.  Hampton,  VA 

N81 -11050# 

Subiects  covered  in  this  lecture  include  basic  properties  o f 
liquid  nitrogen,  oxygen,  and  air;  and  control  of  heat  fluxes,  insulation 
techniques,  and  low-loss  storage 

•The  University.  Southampton  S09  5NH.  Hampshire.  U  K. 

185  *Scurlock,  R.  G.:  Cryogenic  Engineering  II.  Presented  as 
Paper  No  3  at  the  AGARO/ VKI  Lecture  Series  111.  May  19-23. 1980 
at  Rhode-Samt-Genese.  Belgium  and  May  27-30.  1980  at  NASA 
Langley  Research  Center.  Hampton.  VA. 

N81-11051# 

Subjects  covered  in  this  lecture  include:  thermal  properties  of 
commercial  materials;  instrumentation,  including  thermometry, 
flow,  and  pressure,  and  avoidance  of  two-phase  flow. 

•The  University.  Southampton  S09  5NH.  Hampshire,  U  K. 

186  *Wigley,  D  A  Properties  of  Materials  I.  Presented  as  Paper 
No  4  at  the  AGARD/ VKI  Lecture  Series  No.  11 1 .  May  19-23,1980  at 
Rhode-Saint-Genese,  Belgium  and  May  27-30, 1 980  at  NASA  Lang¬ 
ley  Research  Center,  Hampton,  VA. 

N81 -11052# 

Subjects  covered  in  this  lecture  include,  the  effect  of  tempera¬ 
ture  on  the  mechanical  and  physical  properties  of  metals,  including 
strength  and  toughness;  and  failure  mechanism,  influence  of  cracks 
and  Haws,  and  fracture  toughness. 

•The  University,  Southampton  S09  5NH,  Hampshire.  UK. 

187  •Hall.  Robert  M.:  Real-Gas  Effacts  I— Simulation  of  ld«al 
Gas  Plow  by  Cryogenic  Nitrogen  and  Othsr  Selected  Gases.  Pre¬ 
sented  as  Paper  No.  5  at  the  AGARD /VKI  Lecture  Series  tit.  May 
19-23.1980  at  Rhode-Saint-Genese.  Belgium  and  May  27-30.  f  980 
at  NASA  Langley  Research  Center,  Hampton,  VA. 

N81-11053# 

The  thermodynamic  properties  of  nitrogen  gas  do  not  thermo¬ 
dynamically  approximate  an  ideal,  diatomic  gas  at  cryogenic  temper¬ 
atures.  Choice  of  a  suitable  equation  of  state  to  model  its  behavior  is 
discussed  and  the  equation  of  Beattie  and  Bridgeman  is  selected  as 
best  meeting  the  needs  tor  cryogenic  wind  tunnel  use.  The  real -gas 
behavior  of  nitrogen  gas  is  compared  to  an  ideal,  diatomic  gas  for  the 
following  flow  processes,  isentropic  expansions,  normal  shocks, 
boundary  layers,  and  shock  wave-boundary  layer  interactions.  The 
only  differences  in  predicted  pressure  ratio  between  nitrogen  and  an 
ideal  gas  that  may  limit  the  minimum  operating  temperatures  of 
transonic  cryogenic  wind  tunnels  seem  to  occur  at  total  pressures 
approaching  9  atm  and  total  temperatures  10  K  below  the  corres¬ 
ponding  saturation  temperature,  where  the  differences  approach  1 
percent  for  both  isentropic  expansions  and  normal  shocks.  Several 
alternative  cryogenic  test  gases— air.  helium,  and  hydrogen— are 
also  analyzed.  Differences  »n  air  from  an  ideal,  diatomic  gas  are 
similar  in  magnitude  to  those  of  nitrogen  and  should  present  no 
difficulty.  However,  differences  for  helium  and  hydrogen  are  over  an 
order  of  magnitude  greater  than  those  for  nitrogen  or  air  It  is  con¬ 
cluded  that  helium  and  hydrogen  would  not  approximate  the  com¬ 
pressible  flow  of  an  ideal,  diatomic  gas 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

1M  *Wigley,  D  A  Properties  of  Materials  If.  Presented  as 
Paper  No  6  at  the  AGARD/ VKI  Lecture  Series  ill.  May  19-23, 1 980 


at  Rhode-Saint-Genese.  Belgium  and  May  27-30.  1980  at  NASA 
Langley  Research  Center,  Hampton.  VA. 

N81- 11054# 

Subjects  covered  in  this  lecture  include  the  effect  ot  tempera¬ 
ture  on  the  mechanical  and  physical  properties  ot  non-metals, 
including  glasses,  polymers,  and  composites,  and  sources  of 
information 

•The  University,  Southampton  S09  5NH,  Hampshire.  U  K. 

189  •Hall,  Robert  M  Real-Gas  Effects  II  —  influence  of  Con¬ 
densation  on  Minimum  Operating  T emper atures  of  Cryogenic  Wind 
Tunnels.  Presented  as  Paper  No  7  at  the  AGARD/VKl  Lecture 
Series  1 1 1 .  May  19-23, 1980,  at  Rhode-Saint-Genese.  Belgium,  and 
May  27-30. 1980,  at  NASA  Langley  Research  Center.  Hampton.  Va 

N81- 11055# 

Minimum  operating  temperatures  ot  cryogenic  wind  tunnels  are 
limited  by  real -gas  effects  In  particular,  condensation  effects  are 
responsible  for  the  minimum  operating  temperatures  at  total  pres¬ 
sures  up  to  about  9  atmospheres  The  present  paper  reviews  the  two 
primary  modes  of  condensation  —  homogeneous  nudeation  and 
heterogeneous  nudeation  —  and  the  conditions  with  which  either 
may  limit  minimum  operating  temperatures  Previous  hypersonic 
and  supersonic  condensation  data  are  reviewed  as  are  data  taken 
in  the  nitrogen-gas.  Langley  0.3-m  Transonic  Cryogenic  Tunnel 
(TCT).  Analysis  of  data  m  the  0  3-m  TCT  suggests  that  the  onset  ot 
homogeneous  nudeation  may  be  approximated  by  an  analysis  by 
Sivier  and  that  the  onset  of  heterogeneous  nudeation  is  only  appar 
ent  just  below  tree-stream  saturation  Extension  ot  the  results  from 
the  0.3- m  TCT  to  other  nitrogen  -gas  cryogenic  tunnels  is  discussed 
and  is  shown  to  depend  on  length  scales,  purity  ot  the  liquid  nitrogen 
injected  for  cooling,  number  ot  particulates  in  the  flow  and  the 
extent  to  which  the  injected  liquid  nitrogen  ts  evaporated  On  the 
basis  of  previous  data,  hybrid  air-nitrogen  tunnels  are  expected  to 
realize  little,  if  any.  supercooling 
•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

190  *Scurlock  R.  G  Cryogenic  Engineering  III  Presented  as 
Paper  No  8  at  the  AGARD  /  VKI  Lecti  re  Senes  1 1 1 .  May  1 9-  23  1 980 
at  Rhode-Samt-Genese,  Belgium,  and  May  27  30  1980.  at  NASA 
Langley  Research  Center.  Hampton.  Va 

N81- U056# 

Subjects  covered  in  this  lecture  mduJe  handling  and  transfer 
of  liquid  nitrogen;  cooldown  and  thermal  cycling  problems,  and 
satety,  including  asphyxia,  cold  burns,  explosions,  and  fire  hazards 
•The  University,  Southampton  S09  5NH.  Hampshire  U  K 

191  ‘Kilgore,  Robert  A  Model  Design  and  Instrumentation 
Experiences  With  Continuous-Flow  Cryogenic  Tunnels.  Presented 
as  Paper  No.  9  at  the  AGARD/VKl  Lecture  Senes  lit.  May  1 9  23. 
1980,  at  Rhode-Saint-Genese.  Belgium,  and  May  27  30.  i960  at 
NASA  Langley  Research  Center.  Hampton.  VA 

N8t  11057« 

The  development  of  wind  tunnels  that  can  be  operated  at  cryo¬ 
genic  temperatures  has  placed  several  new  demands  on  our  ability 
to  build  and  instrument  wind  tunnel  models  Some  of  the  experien¬ 
ces  at  the  NASA  Langley  Research  Center  relative  to  the  design  and 
"instrumentation  of  models  for  continuous-flow  cryogenic  wind  tun¬ 
nels  are  reviewed  in  this  lecture 
•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

192  ‘Cadweli.  J  D  Model  Design  end  Instrumentation  for 

mittent  Tunnels.  Presented  as  Paper  No  10  at  the  AGARD/VKl 
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Lecture  Series  111.  May  19-23,  i960. at  Rhode- Saint -Genese,  Bel¬ 
gium.  and  May  27-30,  1980.  at  NASA  Langley  Research  Center, 
Hampton.  VA. 

N81 -11058# 

The  concept  of  a  blowdown-to-atmosphere  cryogenic  wind 
tunnel  was  successfully  proven  when  the  Douglas  Aircraft  Company 
one-toot  tunnel  first  operated  cryogemcatly  on  May  20. 1977.  Since 
that  time  a  continuing  effort  has  been  underway  at  Douglas  to 
develop  the  technology  requtred  to  design,  fabricate,  and  instrument 
a  model  that  can  withstand  the  hostile  environment  of  a  cryogenic 
tlow  without  sacrificing  the  acceptable  accuracy  that  can  be 
obtained  at  conventional  temperatures,  i.e..  10°C  to  65°C.  This 
report  summarizes  the  current  state  of  this  technc  ogy  with  a  review 
of  the  rr  any  aspects  of  the  design  and  instrumentation  of  a  model  for 
a  blowdown-to-atmospherecryogenic  wind  tunnel  Also  included  is 
a  discussion  of  the  model -conditioning  required  before  a  run  in 
order  to  minimize  the  time  for  the  model  to  stabilize  at  the  adiabatic 
wail  temperature,  the  model  reheat  system  required  after  a  run  when 
model  changes  are  to  be  made,  and  the  humidity  control  ot  the  test 
section  and  surrounding  area  in  order  to  prevent  frost  from  forming 
on  the  cold  model 

'Douglas  Aircraft  Co.  McDonnell  Douglas  Corp.,  3855  Lakewood 
Blvd  Long  Beach,  CA  90846 

193  *  Kilgore.  Robert  A  Selection  and  Application  of  Instrumen¬ 
tation  for  CsHbrstton  and  Control  ot  a  Continuous- Flow  Cryogenic 
Tunnel.  Presented  as  Paper  No  11  at  the  AGARO/VKt  Lecture 
Senes  ill.  May  19-23. 1980.  at  Rhode- Sam  t-Genese.  Belgium,  and 
May  27-30.  at  NASA  Langley  Research  Center,  Hampton.  VA. 

N81- 11059# 

This  lecture  describes  those  aspects  of  selection  and  applica¬ 
tion  of  calibration  and  control  instrumentation  that  are  influenced  by 
the  extremes  in  the  temperature  environment  to  be  found  in  cryo¬ 
genic  tunnels  A  description  is  given  of  the  instrumentation  and  data 
acquisition  system  used  in  the  Langley  0.3-m  Transonic  Cryogenic 
T unnel  along  with  typical  calibration  data  obtained  in  a  20-  by  60-cm 
two-dimensional  test  section 

•NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

194  •Cadwell.  J  D  Calibration  ol  a  Blowdown-to-Atmosphere 
Cryogenic  Wind  Tunnet-  Presented  as  Paper  No.  1 2  at  the  AGARD/ 
VKf  Lecture  Series  f  f  f .  May  19-2 3.  1980,  at  Rhode-Samt-Genese, 
Belgium,  and  May  27-30. 1980,  at  NASA  Langley  Research  Center. 
Hampton.  VA. 

N81-11060# 

The  modification  of  the  existing  four- foot  trisonic  wind  tunnel  at 
the  Douglas  Aircraft  Company  to  a  cryogenic  facility  required  con¬ 
siderable  change  to  the  existing  tunnel  internals.  When  the  tunnel 
comes  back  on-line  early  in  1 980  a  complete  tunnel  calibration  will 
be  made  following  a  shakedown  and  checkout  of  the  modified 
facility  The  calibration  procedure  to  determine  the  quality  and  char¬ 
acteristics  ot  the  tunnel  airflow  of  the  modified  facility  at  conven¬ 
tional  temperatures  and  at  cryogenic  temperatures  is  described. 
Instrumentation  to  measure  the  axial  and  lateral  pressure  and 
temperature  variations  as  a  function  ot  Mach  number  and  Reynolds 
number  are  reviewed  as  in  the  instrumentation  to  be  used  in  deter¬ 
mining  the  flow  angularity  and  turbulence  levels.  The  variation  in 
tunnel  flow  parameters  that  result  from  the  change  in  displacement 
thickness  due  to  heat  transfer  between  the  warm  wall  and  the  cold 
airflow  is  a/so  discussed 

•Douglas  Aircraft  Co..  McDonnell  Douglas  Corp..  3855  Lakewood 
Blvd..  Long  Beech.  CA  90846 


195  •  Michel,  R  The  Development  of  a  Cryogenic  Wind-Tunnel 
Driven  by  Induction.  Presented  as  Paper  No  1 3  at  the  AGARD '  VKI 
Lecture  Series  111.  May  19-23. 1980,  at  Rhode -Samt-Genese.  Bel¬ 
gium.  and  May  27-30.  1980.  at  NASA  Langley  Research  Center 
Hampton.  VA. 

N81-11061# 

This  lecture  describes  flow  control  and  instrumentation  studies 
in  a  pilot  facility  (T'2)  at  ONERA/CERT. 

•ONERA/CERT.  BP  4025,  31055  Toulouse  Cedex.  France 

196  *Kilgore.  Robert  A  Experience  in  the  Control  of  a  Continu¬ 
ous  Flow  Cryogenic  Tunnel.  Presented  as  Paper  No  14  at  the 
AGARD /VKI  Lecture  Series  ill.  May  19-23. 1980.  at  Rhode-Saint- 
Genese.  Belgium,  and  May  27-30. 1980.  at  NASA  Langley  Research 
Center,  Hampton,  VA. 

N91 -11062* 

The  economical  operation  of  liquid  nitrogen  cooled  cryogenic 
tunnels  is  critically  dependent  on  fast  and  accurate  control  of  the 
tunnel  variables.  In  this  lecture,  the  control  problem  of  a  continuous 
flow  fan  driven  cryogenic  tunnel  has  been  addressed,  firstly  by 
developing  a  lumoed  multivariable  mathematical  model  of  a  tunnel 
and  validating  the  model  by  reconciling  the  responses  of  the  Langley 
0.3-m  Transonic  Cryogenic  Tunnel  to  the  responses  of  the  mathe¬ 
matical  model  on  a  simulator.  Finally,  the  development  of  laws  for  the 
closed  loop  control  ot  the  tunnel  pressure  and  temperature  and  the 
successful  implementation  of  a  control  system  for  the  0.3-m  Tran¬ 
sonic  Cryogenic  Tunnel  based  on  these  laws  are  presented.  An 
accuracy  of  *0.25  K  in  temperature  and  *0.01 7  atm  in  pressure  in  the 
tunnel  control  has  been  achieved. 

•NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

197  ‘Cadwell.  J  0  The  Control  of  Pressure,  Temperature  and 
Mach  Number  In  a  Blowdown -to- Atmosphere  Cryogenic  Wind 
Tunnel.  Presented  as  Paper  No  15  at  the  AGARD /VKI  Lecture 
Series  111.  May  19-23. 1980,  at  Rhode-Samt-Genese.  Belgium,  and 
May  27-30, 1980.  at  NASA  Langley  Research  Center.  Hampton.  VA 

N81- 11063# 

The  transonic  section  of  the  Douglas  Aircraft  Company  4-tt 
blowdown-to-atmosphere  wind  tunnel  was  placed  in  operation  in 
March  1962  The  tunnel  control  system  that  evolved  and  was  in 
operation  prior  to  the  shutdown  for  modification  is  discussed  as  a 
starling  point  since  one  of  the  modification  objectives  is  to  be  able  to 
operate  the  tunnel  in  a  conventional  mode  as  well  as  at  cryogenic 
temperatures  The  modifications  to  the  basic  system  to  include  the 
control  of  tunnel  total  temperature  down  to  1 00  K  is  described  The 
effects  that  the  injection  ot  large  quantities  of  liquid  nitrogen  on  the 
pressure  control  system  is  shown.  The  critical  timing  of  the  tunnet 
start  considers  the  opening  of  the  pressure  control  valve  and  the 
initiation  of  the  liquid  nitrogen  into  theairstream  which  can  result  in 
either  a  varying  test  section  temperature  distribution  during  a  blow 
or  reheating  the  precooled  model.  The  evaluation  of  a  shield  to 
protect  the  precooled  model  during  the  tunnel  start  when  the  air - 
stream  is  changing  temperature  from  warm  to  the  planned  operating 
condition  is  presented. 

•Douglas  Aircraft  Co..  McDonnell  Douglas  Corp..  3855  Lakewood 
Blvd..  Long  Beach.  CA  90846 

199  *lgoe,  William  B  Characteristics  and  Status  of  the  U.S. 
National  Transonic  FecHtty.  Presented  as  Paper  No.  17  at  the 
AGARD/VKI  Lecture  Series  ill.  May  19-23, 1980.  at  Rhode-Samt- 
Genese.  Belgium,  and  May  27 -30. 1 980,  at  NASA  Langley  Research 
Center.  Hampton.  VA. 

N81- 11065# 
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The  U  S  National  Transonic  Facility  (NTF).  a  maior  application 
of  the  cryogenic  wind  tunnel  concept,  is  under  construction  at  the 
NASA  Langley  Research  Center  and  is  scheduled  to  become  opera¬ 
tional  in  1982.  It  will  have  a  closed  return  fan-driven  circuit  with  a 
2  5-meter  square  slotted  test  section,  be  pressurized  up  to  8  85  atm. 
and  provide  chord  Reynolds  numbers  of  120  million  based  on  a 
chord  of  0  25  m  at  transonic  speeds  using  cold  nitrogen  as  the  test 
gas  Many  of  the  design  features  of  the  NTF.  as  well  as  the  status  of 
its  construction,  are  presented  in  this  lecture 
•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

199  ‘Cadwell.  J  0  Progress  Report  on  the  Douglas  Aircraft 
Company  Four-Foct  Cryogenic  Wind  Tunnel.  Presented  as  Paper 
No  t8  at  the  AGARD/VKl  Lecture  Senes  111.  May  19-23, 1980.  at 
Rhode- Samt-Genese.  Belgium,  and  May  27-30. 1 980.  at  NASA  Lang¬ 
ley  Research  Center.  Hampton,  VA 

N81-11066# 

The  McDonnell  Douglas  Corporation  approved  the  modifica¬ 
tion  of  the  existing  Douglas  Aircraft  Company  4-ft.  trisomc  wind 
tunnel  to  a  cryogenic  facility  m  mid  1976  The  successful  operation 
of  the  one-foot  pilot  tunnel  in  May  1977  gave  the  final  technical 
approval  to  proceed  with  the  four-foot  tunnel  modification  program 
This  lecture  gives  an  update  on  the  progress  of  the  modification.  In 
addition,  a  review  of  the  test  technique  development  program  that 
will  provide  the  technology  necessary  to  conduct  the  production 
type  testing  required  for  the  design  of  new  or  derivative  type  aircraft 
programs  is  presented 

•Douglas  Aircraft  Co  ,  McDonnell  Douglas  Corp ,  3855  Lakewood 
Blvd  Long  Beach.  CA  90846 

200  ‘Michel.  R  A  Cryogenic  Transonic  Intermittent  Tunnel 
Project:  The  Induced-Flow  Cryogenic  Wind-Tunnel  T2  et  ONER  A/ 
CERT.  Presented  as  Paper  No  19atthe  AGARD/VKl  Lecture  Senes 
111.  May  19-23,  1960  at  Rhode- Saint- Genese.  Belgium,  and  May 
27-30.  1980.  at  NASA  Langley  Research  Center.  Hampton.  VA. 

N81-1 1067M 

‘ONFRA/CERT.  8P  4025.  31055  Toulouse  Cedex.  France 

201  ‘Hartzuiker.J.P.;and  ‘North.  R.J  :  The  European  Transonic 
Wind  Tunnel,  ETW.  Presented  as  Paper  No  16  at  the  AGARD/VKl 
Lecture  Series  111.  May  19-23, 1980.  at  Rhode-Saint-Genese.  Bel¬ 
gium.  and  May  27-30,  1980,  at  NASA  Langley  Research  Center. 
Hampton.  VA 

N81-11064# 

This  lecture  summarizes  the  present  situation  concerning  ET  W: 
Aerodynamics,  performance,  design,  model  handling,  nitrogen  sys¬ 
tems.  controls,  etc  A  short  descriptor  is  presented  of  the  pilot 
tunnel.  PETW,  which  is  now  under  construction  Finally,  the  program 
on  model  design  and  instrumentation  is  described  Attention  is  paid 
especially  to  the  cryogenic  aspects  of  ETW 
‘Technical  Group,  ETW,  National  Aerospace  Laboratory.  Anthony 
Fokkerweg  2.  1059  CM  Amsterdam.  The  Netherlands 

202  ‘Tobler.R  L  Material* for  Cryogenic  Wind  Tunnel  Testing. 

NASA  CR- 164556.  Rept  No  NBSlR  79-1624.  May  1980.  135  pp 

N8t-27120# 

A  study  was  conducted  to  guide  the  evaluation  and  selection  of 
materials  and  techniques  to  be  used  in  construction  of  model  aircraft 
for  cryogenic  wind  tunnel  testing  In  this  report,  the  mechanical, 
thermal,  and  electrical  property  behavior  of  materials  at  tempera¬ 
tures  as  low  as  77  K  is  briefly  reviewed.  Metals,  structural  alloys, 
non-metals,  composites,  joining  methods,  coatings,  sealants,  adhe¬ 


sives.  contact  agents,  lubricants,  transducers,  and  instrumentation 
for  cryogenic  applications  are  discussed  Acceptable  structural 
materials,  conductors,  and  insulators  are  discussed  tor  service  at 
temperatures  in  the  range  367  to  77  K  Numerous  references  to 
handbooks  and  other  cryogenic  data  sources  ate  cited  as  a  guide  to 
additional  information 

‘National  Bureau  of  Standards,  Boulder.  CO.  80302 
Contract  NASA  Order  L- 596 74 -A 

203  ‘Wegener.  Peter  P  Study  ot  Experiments  on  Condensation 
ol  Nitrogen  by  Homogeneous  Nucleation  et  State*  Modelling  Those 
on  the  National  Transonic  Facility.  Final  Report.  NASA  CR- 16321 7 
May  1980.  58  pp 

N80- 25294# 

A  cryogenic  wind  tunnel  is  based  on  the  twofold  idea  of  lower¬ 
ing  drive  power  and  increasing  Reynolds  number  by  operating  with 
nitrogen  near  its  boiling  point  There  are  two  possible  types  ol 
condensation  problems  involved  in  this  modu  of  wind  tunnel  opera¬ 
tion  They  concern  the  expansion  from  the  nozzle  supply  to  the  test 
section  at  relatively  low  cooling  rates,  and  secondly  the  expansion 
around  models  in  the  test  section  This  secondary  expansion 
involves  higher  cooling  rates  and  shorter  time  scales  In  addition  to 
these  two  condensation  problems  it  is  not  certain  what  purity  ot 
nitrogen  can  be  achieved  m  a  large  facility  Therefore,  one  cannot 
rule  out  condensation  processes  other  than  these  of  homogeneous 
nucleation 

‘Yale  University.  Dept  of  Engineering  and  Science.  206  Elm  Ave , 
New  Haven,  CT.  06520 
NASA  Grant  NSG- 161 2 

204  ‘Ladson.  Charles  L.  and  ‘Kilgore.  Robert  A  Instrumenta¬ 
tion  for  Calibration  and  Control  of  a  Continuous-Flow  Cryogenic 
Tunnel.  NASA  TM-81825.  May  i960  11  pp  This  paper  is  based  on 
one  presented  at  the  AGARD/VKl  Lecture  Series  1 1 1  on  Cryogenic 
Wind  Tunnels.  May  1980 

N80- 24265# 

This  paper  describes  those  aspects  of  selection  and  application 
of  calibration  and  control  instrumentation  that  are  influenced  by  the 
extremes  in  the  temperature  environment  to  be  found  tn  cryogenic 
tunnels  A  description  is  given  of  the  instrumentation  and  data 
acquisition  system  used  in  the  Langley  0.3-m  Transonic  Cryogenic 
Tunnel  along  with  typical  calibration  data  obtained  in  a  20-  by  60-cm 
two-dimensional  test  section 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  2366S 

205  *  Ferns.  Alice  T  Force  Instrumentation  for  Cryogenic  Wind 
T unnete  Using  One-Piece  Strain- Gage  Balance*.  NASA  TM  - 81 845 
June  1980. 1 7pp  (Thi9  paper  is  based  on  one  presented  at  the  NASA 
Cryogenic  Technology  Conference  held  at  NASA  Langley  Research 
Center.  Nov.  27-29. 1979  ) 

N81- 17406# 

The  use  of  cryogenic  temperatures  m  wind  tunnels  to  achieve 
high  Reynolds  numbers  has  imposed  a  harsh  operating  environ¬ 
ment  on  the  force  balance  Laboratory  tests  were  conducted  to  study 
the  effect  cryogenic  temperatures  have  on  balance  materials,  gages, 
wiring,  solder,  adhesives  and  moisture  proofing  Wind  tunnel  tests 
were  conducted  using  a  one-piece  three -component  balance  to 
verify  laboratory  results  These  initial  studies  indicated  that  satistac  - 
tory  force  data  can  be  obtained  under  steady  state  conditions 
‘NASA.  Langley  Research  Center  Hampton.  VA.  23665 
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206  *  Baiaknshna.  S  Minimum  Energy  Tee!  Direction  Design  in 
the  Control of  Cryogenic  Wind  Tunnels.  Progress  Rept  period  end- 
>rq  Jure  1980  NASA  CR  163244  June  1980  56  pp 

N61- 11457# 

This  report  details  the  test  direction  planning  problems  a'-so- 
cated  with  cryogenic  #md  tunnels,  analyzed  as  a  part  otthe  proiect 
Modeling  and  Control  of  Transonic  Cryogenic  Tunnels,  spon 
sored  by  NASA '  Langley  Research  Center  The  report  is  concerned 
Aiith  realizing  desired  flow  Reynolds  number  Mach  number  combi¬ 
nations  at  which  data  is  sought,  with  minimum  liquid  nitrogen  con¬ 
sumption  The  contents  ot  this  document  complement  the  reports  on 
modeling  phase  activity  in  entry  167  ard  the  control  analysis  phase 
activity  in  entry  1 79  o!  this  bibliography 
*  Old  Dominion  University.  Norfolk.  VA.  23508 
NASA  Grant  N$G- 1503 

207  'Hanson.  Perry  W  An  Assessment  of  the  Future  Rotes  ot 
the  National  Transonic  Facility  and  the  Langley  Transonic  Dynam¬ 
ics  Tunnel  m  Aeroelastic  and  Unsteady  Aerodynamic  Testing. 

NASA  TM  81839.  June  1980  52  pp 

N80-28377* 

The  characteristics  and  capabilities  ot  the  two  tunnels  that 
relate  to  studies  in  the  fields  of  aeroelasticity  and  unsteady  aerody 
ramies  are  discussed  Scaling  considerations  for  aeroelasticity  and 
unsteady  aerodynamics  testing  m  the  two  facilities  are  reviewed. 
and  some  ot  the  special  features  (or  lack  thereof)  of  the  Langley 
Research  Center  T ransomc  Dynamics  T unnel  (TOT)  and  the  National 
Transonic  Facility  (NTF)  that  will  weigh  heavily  m  any  decisions  of 
conducting  a  given  study  in  the  two  tunnels  are  discussed  For 
illustrative  purposes  a  fighter  and  a  transport  airplane  are  scaled  for 
tests  m  the  NTF  and  in  the  TDT.  and  the  resulting  model  characteris¬ 
tics  are  compared  The  NTF  was  designed  specifically  to  meet  the 
need  for  higher  Reynolds  number  capability  tor  flow  simulation  tn 
aerodynamic  performance  testing  of  aircraft  designs  However,  the 
NTF  can  be  a  valuable  tool  for  evaluating  the  seventy  of  Reynolds 
number  effects  in  the  areas  of  dynamic  aeroelasticity  and  unsteady 
aerodynamics  On  the  other  hand,  the  TDT  was  constructed  specifi  - 
cally  for  studies  and  tests  in  the  field  of  aeroelasticity  Except  for  tests 
requiring  the  Reynolds  number  capability  ot  the  NTF.  the  TDT  will 
remain  the  primary  facility  for  tests  of  dynamic  aeroelasticity  and 
unsteady  aerodynamics. 

'NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

206  *Bursik,  Joseph  W  ,  and  ••Hall.  Robert  M  Effect*  of  Various 

Assumption*  on  the  Calculated  Liquid  Fraction  in  fsentroptc  Sat¬ 
urated  Equilibrium  Expansions.  NASA  TP- 1682.  June  1980  33  pp 

N80-25615# 

The  saturated  equilibrium  expansion  approximation  lor  two- 
phase  How  often  involves  ideal-gas  and  latent-heat  assumptions  to 
simplify  the  solution  procedure  This  approach  is  well  documented 
by  Wegener  and  Mack  and  works  best  at  low  pressures  where 
deviations  from  ideal-gas  behavior  are  small  A  thermodynamic 
expression  for  liquid  mass  fraction  that  is  decoupled  from  the  equa¬ 
tions  of  fluid  mechanics  is  used  in  this  paper  to  compare  the  effects 
of  the  various  assumptions  on  mtrogen-gas  saturated  eduihbnum 
expansion  flow  starting  at  8  81  atm.  2.99  atm,  and  0.45  atm,  which  are 
conditions  representative  of  transonic  cryogenic  wind  tunnels.  For 
the  highest -pressure  case,  the  entire  set  of  ideal  -gas  and  latent-heat 
assumptions  are  shown  to  be  in  error  by  62  percent  for  the  value  of 
heat  capacity  and  latent  heat  used  in  this  paper  An  approximation  of 
the  exact,  real -gas  expression  is  also  developed  using  a  constant. 


two-phase  isentropic  expansion  coefficient  which  results  in  an  error 
of  only  2  percent  for  the  high-pressure  case 

•Rensselaer  Polytechnic  Inst .  Troy.  NY  12181 
“NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

209  *Fancher.  M  F  Hot-film  Anemometry  lor  Boundary  Layer 
Transition  Detection  in  Cryogenic  Tunnel.  European  Mechanical 
Colloquium.  Euromech  132  held  at  the  Ecole  Centrale  de  Lyon. 
Rhone.  France.  July  2  4.  1980  16  pp 

CN-153.419 

Detailed  information  on  the  boundary-layer  transition  and  sep¬ 
aration  is  given  About  100  sensors  were  located  on  an  aerofoil  by 
means  ol  a  thin  plastic  film  (Kapton  or  Mylar)  Experiments  were  run 
m  a  cryogenic  tunnel  The  important  question  of  the  heat  loss  to  the 
substrate  did  not  seem,  however,  to  have  been  examined  For  this 
particular  problem,  a  useful  reference  is  Bnson.  Charnay  &  Comte- 
BeHot  (1979) 

•Douglas  Aircraft  Co  ,  McDonnell  Douglas  Corp .  3855  Lakewood 
Bivd  Long  Beach.  CA  90846 

NOTE  This  paper  does  not  appear  in  Euromech  1 32.  even  though  it 
was  presented  Contact  author  for  copies 

210  *  Dueker.  M  .  and  *  Koppenwallner  G  Comparisons  Between 
Experimental  Observations  and  Predictions  Obtained  With  Classi¬ 
cal  Homogeneous  Nucleation  Theory  for  Nitrogen  Condensation  in 
Large  Freejet  Experiments.  Presented  as  Paper  No  1 72  at  the  12th 
international  Symposium  on  Rarefied  Gas  Dynamics.  Charlottes¬ 
ville.  VA..  July  7-12,  1980.  In  vol.  74.  "Progress  in  Astronautics  and 
Aeronautics."  pp  1190-1210. 

A82- 13072# 

Classical  condensation  theory  is  tested  for  its  ability  to  predict 
condensation  onset  and  the  ensuing  droplet  growth  process  in 
treejet  expansions  of  nitrogen.  A  computer  program  combining 
nucleation  theory,  a  droplnt  growth  model,  and  the  gas  dynamics 
of  freejet  flow  is  used  for  this  purpose  Comparisons  ot  the  theoreti  - 
cal  results  with  experiments,  covering  a  large  range  of  expansion 
isentropes.  reveal  generally  unsatisfactory  results  Of  various 
correction  schemes  tested,  a  particular  surface  tension  assumption 
for  the  solid  clusters  gave  at  least  approximate  agreement  w/fh 
measured  data 

*DFVLR.  Bunsenstrasse  1 0.  D-3400  Goettingen,  West  Germany 
(FRG) 


211  'Johnson.  Charles  B  Theoretical  Study  of  Noned tabetic 
Boundary -Layer  Stabilization  Time*  in  a  Cryogenic  Wind  Tunnel  for 
Typical  Stainlaaa  Steel  Wing  and  Fuselage  Models.  NASA  TM- 
80212.  July  1960  43  pp 

N80-256T4# 

The  time  varying  effect  ot  nonadiabatic  wail  conditions  on 
boundary  layer  properties  was  studied  for  a  two-dimensional  wing 
section  and  an  axisymmetnc  fuselage.  The  wing  and  fuselage  sec¬ 
tions  are  representative  of  the  wing  root  chord  and  fuselage  of  a 
typical  transport  model  for  the  National  Transonic  Facility  The  anal¬ 
ysis  was  made  with  a  solid  wing  and  three  fuselage  configurations 
(one  solid  and  two  hollow  with  varying  skin  thicknesses)  all  made 
from  AlSI  type  301 S  stainless  steel  The  displacement  thickness  and 
local  skin  friction  were  investigated  at  a  station  on  the  model  in  terms 
of  the  time  required  for  these  two  boundary  layer  properties  to  reach 
an  adiabatic  wall  condition  after  a  50  K  step  change  in  total  temper¬ 
ature.  The  analysis  was  made  for  a  free  stream  Mach  number  of 
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0  85.  a  total  temperature  ot  1 1 7  K,  and  stagnation  pressures  ot  2. 6, 
and  9  atm 

•NASA.  Langley  Research  Center.  Hampton,  VA,  23666 

212  *Mohan,  S.  R..  and  ‘Stollery,  J.  L  :  A  Study  olthe Tempera¬ 
tures  Achievable  by  Expansion  of  High  Pressure  Gas.  The  Aero¬ 
nautical  Journal,  voi  84.  Aug.  1980.  pp.  253-255. 

A81 -27896 

An  experimental  investigation  of  the  achievement  of  cryogenic 
temoeratures  by  the  adiabatic  isentropic  expansion  of  a  gas  is  pre¬ 
sented  The  test  apparatus  is  a  light  piston  tunnel,  and  the  working 
gas  nitrogen.  It  was  determined  that  cryogenic  temperatures  were 
achieved  by  a  polytropic  process  with  an  exponent  ot  between  1.3 
and  1  4  To  achieve  a  temoerature  of  120  K  from  an  initial  tempera¬ 
ture  of  300  K.  a  pressure  ratio  of  35  will  typically  be  required. 

•Cranfieid  Institute  of  Technology.  Cranfield  Bedford  MK  43  OAl. 
UK 

213  *Balaknshna.  S  :  Etfscts  of  Boundary-Layer  Treatment  on 
Cryogenic  Wind-Tunnel  Controls.  Progress  Rept.  period  ending 
Aug  1980.  NASA  CR-1 59372.  Aug.  1980.  62  pp 

N81-12120# 

This  report  analyzes  the  manner  in  which  various  possible 
schemes  for  sidewall  boundary-layer  tieatment.  that  can  be  used  to 
achieve  a  two-dimensional  flow  field  around  the  model  in  the  Lang¬ 
ley  0.3-m  Transonic  Cryogenic  Tunnel,  affect  the  basic  tunnel  con¬ 
trols  This  work  constitutes  a  part  of  the  project  “Modeling  and 
Control  of  Transonic  Cryogenic  Tunnels”  sponsored  by  NASA  Lang¬ 
ley  Research  Center  The  contents  of  this  document  complement 
other  reports  of  the  project 

•Old  Dominion  University.  Norfolk.  VA.  23508 
NASA  Grant  NSG-1503 

214  "Thibodeaux.  Jerry  J..  and  “Balakrishna,  S.:  Development 

and  Validation  of  a  Hybrid-Computer  Simulator  for  a  Transonic 
Cryogenic  Wind  Tunnel.  NASA  TP- 1695.  Sept  1900  84  pp 

N80-31413# 

A  study  has  been  undertaken  to  mode)  the  cryogenic-wind- 
tunnel  process,  to  validate  the  model  by  the  use  of  experimental  data 
from  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel,  and  to  con¬ 
struct  an  interactive  simulator  of  the  cryogenic  tunnel  using  the 
validated  model  Additionally,  this  model  has  been  used  for  design¬ 
ing  closed -loop  feedback  control  laws  for  regulation  of  temperature 
and  pressure  in  the  0.3-m  cryogenic  tunnel  The  global  mathe¬ 
matical  model  of  the  cryogenic  tunnel  that  has  been  developed 
consists  of  coupled,  nonlinear  differential  governing  equations 
based  on  an  energy-state  concept  of  the  physical  cryogenic  phe¬ 
nomena  Process  equations  and  comparisons  between  actual  tun¬ 
nel  responses  and  computer- simulation  predictions  are  given  Also 
included  are  the  control  laws  and  simulator  responses  obtained  by 
using  the  feedback  scnemes  for  closed- loop  control  of  temperature 
and  pressure. 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  23665 
“Old  Dominion  University,  Norfolk.  VA.  23508 

215  •Gloss.  Blair  B  Some  Aerodynamic  Considerations  Related 
to  Wind  Tunnel  Model  Surface  Definition.  NASA  TM-81820,  Sept 
1980  13  pp 

N80-32376# 

The  aerodynamic  considerations  related  to  model  surface  defi¬ 
nition  are  examined  with  particular  emphasis  in  areas  of  fabrication 


tolerances,  model  surface  finish,  and  orifice  induced  pressure 
errors  The  effect  of  model  surface  roughness  texture  on  skin  friction 
<s  also  discussed. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

215  ‘Buckley,  J  D  ,  and  ‘Sandefur,  P  G .  Jr  Low- Temperature 
Solder  (or  Joining  Large  Cryogenic  Structures.  NASA  TM-81836. 
Sept.  1980  15  pp 

N80- 32490# 

Three  joining  methods  were  considered  for  use  m  fabricating 
cooling  coils  for  the  National  Transonic  Facility  After  analysis  and 
preliminary  testing,  soldering  was  chosen  as  the  cooling  coil  joining 
technique  over  mechanical  force  fit  and  brazing  techniques  Charpy 
V-Notch  tests,  cyclic  thermal  tests  (ambient  to  77  8  K)  and  tensile 
tests  at  cryogenic  temperatures  were  performed  on  solder  |Oints  to 
evaluate  their  structural  integrity  It  was  determined  that  low  temper  - 
ature  solder  can  be  used  to  ensure  good  fin-to-tube  contact  for 
cooling-coil  applications 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

217  ‘Maurer,  F  Project  European  Transonic  Windtunnei.  (Pro- 
jekt  Europaitcher  Transschali- Windkanai).  Bundesm/mstenum 
fur  Forschung  und  Technologic.  Statusseminar  zur  Luftfahrtfor 
schung  und  Luftfahrt-technoiogie.  2nd,  Garmisch  Partenkirchen, 
West  Germany.  Oct  8-9. 1 980.  Paper.  38  pp  (In  German.) 

A81 -37640# 

A  status  report  concerning  the  project  European  Transonic 
Windtunnel'  is  provided.  The  report  describes  the  situation  existing 
after  the  predesign  phase  and  refers  to  the  problem  of  the  new 
discussion  regarding  the  test  section  cross  section  with  respect  to 
size  and  form.  The  organization  of  the  project  definition  phase  is 
based  on  a  memorandum  of  understanding  between  West  Germany. 
France.  Great  Britain,  and  Holland.  The  project  had  been  initiated 
because  it  was  felt  that  there  was  an  urgent  requirement  for  a 
high- Reynolds- number  transonic  wind  tunnel  in  Europe  The  require¬ 
ment  is  to  be  satisfied  by  means  of  a  pressurized  continuous-flow 
tunnel  using  nitrogen  as  the  test  gas.  and  capable  of  being  operated 
over  a  range  ot  temperatures  from  ambient  down  to  about  90  K. 

‘Institute  for  Experimental  Fluid  Mechanics.  DFVLR.  Goettingen  and 
Coiogne-Porz.  West  Germany  (FRG) 

215  ‘Howell,  R.  R.,  and  ‘Joplin,  S.  D.:  A  System  lor  Model 
Access  in  Tunnels  With  en  Unbreathable  Test  Medium.  Inter¬ 
national  Council  of  the  Aeronautical  Sciences.  Proceedings.  1 2th 
Congress,  Munich.  West  Germany.  Oct.  12-17,  1980.  pp  817-822 

A81 -11601  (pp  817-822) 
A81 -H672 

in  many  specialty  wind  tunnels,  test  gases  other  than  ambient 
air  are  used  to  meet  special  testing  requirements  A  typical  example 
is  the  use  of  freon  as  the  test  gas  to  achieve  a  realistic  density  ratio 
between  gas  and  model  for  exploring  flutter  stability  boundaries 
Another  example  is  the  use  of  pressurized  air  to  elevate  the  stream 
density  and  enhance  Reynolds  number  or  dynamic  pressure  simt^a  - 
lion  Such  specialty  tunnels  require  a  system  ot  access  to  the  model 
which  will  allow  services  and  changes  to  the  model  without  expos¬ 
ing  personnel  to  the  unnatural  and  perhaps  hostile  environment  or 
requiring  the  venting  and  purging  of  the  entire  tunnel  circuit  This 
paper  will  describe  the  plenum  and  model  access  systems  for  the 
forthcoming  U  S  National  Transonic  Facility  where  gaseous  nitro¬ 
gen  at  temperatures  between  338  and  78  K  and  at  pressures  to  9 
bars  is  used  as  the  test  medium  The  operation  at  cold  temperatures 
imposes  some  additional  requirements  which  make  the  access  sys- 


terns  more  difficult  to  design  and  time  consuming  to  opei aie  than  for 
conventional  (ambient  temperature)  wind  tunnels 
•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

219  •Balakrishna.  S  Modeling  and  Control  o<  Transonic  Cryo¬ 
genic  Wind  Tunnel*.  Final  Summary  Report.  Period  ending  Oct 
1980.  NASA  CR- 163588,  Oct  1980  53  pp 

N80-32403# 

This  report  summarizes  the  many  faceted  research  activities  of 
the  project  "Modeling  and  Control  of  Transonic  Cryogenic  Wind 
Tunnels.'  which  was  sponsored  by  the  NASA  Langley  Research 
Center  Reported  are  the  model  synthesis  activity,  control  analysis 
activity,  test  direction  design  analysis,  and  effects  of  boundary  -  layer 
treatment  on  cryotunne)  controls  The  activities  in  each  of  these 
areas  are  briefly  reviewed,  and  they  are  complemented  by  recom¬ 
mendations  for  improving  some  of  the  engineering  systems  of  the 
0  3-m  Transonic  Cryogenic  Tunnel  (TCT)  to  which  the  bulk  of  the 
research  was  oriented 

•Old  Dominion  University.  Norfolk  VA,  23508 
NASA  Grant  NSG-1503 

220  *Lawmg,  Pierce  L,  *Sandefur,  Paul  G.  Jr.  and  ‘Wood. 
William  H  A  Construction  Technique  for  Wind-Tunnel  Models 
NASA  Tech  Brief  LAR-t2710,  Fall  1980 

Miniature  wind-tunnel  models  must  satisfy  stringent  physical 
requirements,  including  high  strength,  good  surface  finish,  and  cor¬ 
rosion  resistance  Some  of  the  mosf  troublesome  problems  result 
from  the  internal  steel  tubes  that  lead  to  small,  pressure-sensing, 
surface  orifices  These  tubes  may  plug  or  leak,  and  the  cavities  they 
require  weaken  the  model  Since  the  plumbing  cannot  be  installed 
until  late  in  the  machining  process,  considerable  fabrication  time  is 
wasted  it  defects  arise  at  that  point  l  nese  problems  are  overcome 
by  machining  the  pressure  channels  as  an  integral  part  of  the  model 
A  method  of  accomplishing  this  is  described,  in  addition  to  solving 
construction  problems  for  wmd-tunnel  models,  this  technique 
should  be  useful  in  fuel  mjecfion.  transpiration  cooling,  and  similar 
applications  involving  small  elements  of  fluid  flow.  Since  the  tech¬ 
nique  has  been  developed  for  17-4  PH  alloy  stainless  steel,  it  can  be 
used  for  corrosive  or  high-temperature  environments. 

•NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

For  further  information,  contact  the  Technology  Utilization  Officer. 

M  S  139.  at  Langley  Research  Center  and  refer  to  LAR- 12710 

221  *  Blanchard.  A  .  *Dor,  J  B.  ‘Mignosi,  A.;  and  *Breil.  J.  F . 

Research  on  a  Cryogenic  Wind  Tunnel  Operating  by  Induction. 
(Recherches  sur  une  Soufffene  Cryogemque  Fonctionnant  par 
induction)  Paper  AAAF  NT  80-32  at  1 7th  AAAF  Colloque  d’Aerody- 
namique  Apphquee.  Grenoble,  France.  Nov.  12-14, 1980  42  pp  (In 
French.)  (For  the  English  translation  see  the  following  entry  in  this 
compilation) 

A81 -33935# 

Tne  paper  presents  circuit  design  and  operation  of  the  ONERA 
pilot  T‘2  low  temperature  wind  tunnel,  a  technology  developed  at  % 
scale  for  transfer  to  the  T2  European  Transonic  Wind  Tunnel  The 
studies  focus  especially  on  the  choice  of  internal  insulation  and  the 
liquid  nitrogen  injection  system.  High  Reynolds  numbers  obtained 
allow  close  in-flight  simulation  using  cryogenic  gusts.  Initial  tests 
comprised  temperature  distributions,  thermal  ard  pressure  fluctua¬ 
tions.  pulverization  of  liquid  nitrogen  droplets  by  low  speed  injection, 
and  control  and  efficiency  checks  on  the  use  of  cryogenic  liquids, 
including  protection  of  personnel  from  leakage  through  micro¬ 


cracks,  accomplished  by  use  of  a  Kevlar  reinforced  glass  lining  of 

the  concave  inner  surface  of  the  vessel 

•ONERA/CERT.  BP  4025.  31055  Toulouse  Cede*.  France 

222  ‘Blanchard,  A.  *Dor.  J  B.  'Mignosi.  A.  and  ‘Breil.  J.  F 
Research  on  an  Induction  Driven  Cryogenic  Wind  Tunnel,  in  La 

Recherche  Aerospatiale.  Bi-Monthly  Bulletin  no  1981  -2.  Mar  -Apr 
1981  Translation  into  Eng  ish  ESA- TT  713.  Sept  1981.  pp  63-77 

A81  43393#(T  ranslation) 
N82  i4394#(Translation) 

The  cryogenitization  ol  an  induction  driven  transonic  wind  tun¬ 
nel  is  discussed  internal  insulation  and  the  design  ol  a  liquid  mtro 
gen  injection  system  are  considered  A  unit  ot  32  injectors  is 
arranged  at  the  periphery  of  the  first  diffuser  m  two  rows  Each 
injector  is  controlled  by  a  solenoid  valve  Several  elements  can  be 
brought  together  at  the  control  point  to  form  a  1 0  bit  digital  regulation 
unit  The  nitrogen  pulses  are  kept  symmetrica*  by  varying  the 
response  time  of  the  solenoid  valves  This  induction  system  works 
well  since  the  increase  in  nozzle  performance  compensates 
increase  ot  flow  »n  the  lest  section  due  to  the  drop  in  temperature  '1 
should  be  suitable  with  nitrogen  g  is  Composite  and  homogeneous 
insulating  materials  were  repeatedly  plunged  into  liquid  nitrogen  aii 
reveal  defects  when  exposed  to  stress  induced  by  differences  m  me 
expansion  between  their  internal  and  external  faces  internal  :>u 
faces  must  be  reinforced  with  polyurethane 
•ONERA/CERT  BP  4025.  3 1 055  Toulouse  Cede*  France 

223  *Mignost.  A  *Fauimann  D  and  'Seraudie  A  induction 
Oriven  Tranaonic  Wind  Tunnel  T-2  Operation  at  Room  Tempera 
tur*  and  Cryogenic  Adaptation.  Association  Aeronautique  ei  Astro 
nautique  de  France  17th.  Colloque  d  Aerodynarmque  Applique* 
Grenoble.  France.  Nov  12  14;  1980  Repi  ONERA  TP  i980  *42 
1980  36  pp  On  French  /  Translation  -nto  English  ol  taRecherche 
Aerospatiale  Bulletin  Bimestne'  no  '98 1  3  Mav  June  i98*  pp 
203-215  Rept  no  ESA  TT  714  pp  63 

AS'  2  1 9i6#<m  French 

N82  19i58#(lr  Erigl.sn, 

The  transforms  m  of  the  mductior  dr  *er  wind  K-nn«<  T2 
(0  4  m*0  4  m)  into  a  «.  yogemc  intermittent  wind  tonne'  wnich  uses 
high  pressure  air  as  dnvng  gas  and  nitrogen  as  coolant  -s 
described  The  operating  mode  and  optimization  of  the  wind  tunnei 
for  low  temperature  operation  are  discussed  Theoretical  and  exper 
imental  aspects  of  the  transfcrmed  facilities  <  e  modification  oi  me 
circuit,  thermal  insulation  techniques,  liquid  nitrogen  injection  stan 
up  process,  cryogenic  operating  mode  and  expected  performance 
are  presented 

♦ONERA/CERT.  BP  4025.  31055  Toulouse  Cedex  France 

224  *  Maurer,  F,*Viehweger  G .and 'Lorenz -Meyer  W  Develop¬ 
ments  in  the  Area  of  Cryo-WInd  Tunnel  Technology  by  the  OFVLR 

(Deutsche  Forschungs-  und  Versuch  -sanstalt  fuer  Luff  und  Raum 
fahrt)  DFVLR -Nachnchten.  Noy  1980.  pp  8-12  fin  German  i  For 
English  translation  see  the  following  entry  m  this  compilation 

A01  15702 

Research  is  described  of  new  wind  tunnel  assemblies  which  m 
contrast  to  present  facilities,  simulate  free  flight  conditions  in  addi 
don  to  Mach  number,  fhe  Reynolds  number  is  taken  into  considers 
don  for  similitude  of  friction  jvel  and  flow  separation  The  German 
Dutch  subsonic  wind  tunnel  (DNW)  approaches  the  desired  results, 
though  the  drive  power  increases  not  only  with  the  second  power  of 
the  size  but  increases  with  the  third  power  of  the  speed 
•DFVLR  Porz-Wahn.  Postfach  90  60  58.  5000  Cologne  90.  West 
Germany  (FRG) 


225  ‘Maurer  Fran*. 'Viehweger.  Guenther  and  ‘Lorenz -Meyer, 
Wyitgang  Development  in  the  Area  ol  Cyro-Wind  Tunnel  Technol¬ 
ogy  NASA  TM  75475.  Ap»>)  1981.  16  pp  Translation  ot  Arbeiten 
Jer  DFVlR  auf  dem  Gebiet  der  Kryo-Windkanaltechmk-'  DFVLR- 
Nachnchten.  no  31.  Nov  1980.  pp  8  12  (For  original  German  and 
abstract  see  the  preceding  entry  in  this  compilation )  Available  to 
U  S  Gov  t  Agencies  and  their  Contractors  Only 

X81- 10220 

Trans*  by  Scientific  Translation  Service.  Santa  Barbara  CA 
•  l)f  VlH  Por*  Wahn.  Posttach  90  60  58,  5000  Cologne  90,  West 
Germany  iFRGi 
NASA  Contract  NASw-3198 

22€  ‘Law»ng,  P>e»ceL  .  ‘Adcock.  Jerry  B  and  ‘Ladson, Charles 

A  F*n  Pressure  Ratio  Correlation  in  Term*  ol  Mach  Number  and 
Reynold*  Number  tor  the  Langley  0. 3-Meter  Trantonic  Cryogenic 
Tunnel  NASA  TP  1  752,  Nov  1980  18pp 

N81- 100005# 

d.»bral'iin  data  tor  the  two-dimensional  test  section  of  the 
tvg'evU  J  Meter  Transonic  Cryogenic  Tunnel  are  used  to  develop 
1  Mrt<..r  '  umber  Reynolds  number  correlation  for  the  tan  pressure 
a»’'  »•  »e«ms  of  test  section  conditions  It  *s  shown  that  well- 

**\utv-sn*d  rtrg.neering  relationships  can  be  combined  to  form  an 
wn»(  n  .s  functionally  analogous  to  the  correlation  Addi- 
'  •!  any  a  geometric  'oss  coefficient  which  is  independent  of  Reyn¬ 
olds  •  umoer  or  Mach  number  can  be  determined  Present  and 
ar.'ir. .pated  uses  of  this  concept  include  improvement  of  tunnel 
.  'jf’ir-j.  schemes  comparison  of  efficiencies  for  operationally  similar 
e  nd  turrets  prediction  o<  tunnel  test  conditions  and  associated 
m«  e»g,  jsage  and  determination  of  Reynolds  number  scaling  laws 
Similar  fluid  fl'iW  systems 

•NASA  ..a^giey  Research  Center  Hampton,  VA,  23665 

22 7  •Mr  Kmney  l  Wayne  and  “Baals  Donald  D  editors  High 
Reynolds  Number  Research  —  19*0.  NASA  CP-218J.  Sept  1981 
PC 

N8 1  -  3 1 1 30# 

Tn,s  .s  a  compilat.on  of  papers  presented  at  the  Workshop  on 
H  gh  Reynolds  Number  Research  held  De -.ember  9-11.  i960,  at  the 
.at  gitty  Research  Center  U  also  includes  panel  recommendations 
to'  'esearch  programs  fo'  the  National  Transonic  Facility  m  the 
foUow*ng  areas 

Fluid  dynamics 
High  (iff 

Configuration  aerodynamics 

Aer oeiasti city  and  unsteady  aerodynamics 

Wmd  tunnel  /  flight  correlation 

Space  vehicles 

Theoretical  aerodynamics 

iA  Workshop  on  High  Reynolds  Number  Research  was  also  held  in 
’9 -'6  and  >s  reported  «n  NASA  CP  2009  (N77- 27139).  for  which  see 
#48  through  *51  m  this  compilation  > 

‘NASA  Langley  Research  Center  Hampton.  VA.  23665 
“Joint  institute  for  Advancement  of  Plight  Sciences.  The  George 
Washington  University  NASA.  Langley  Research  Center.  Hampton. 
VA  23665 

229  ‘Voung  Clarence  P  Jr  P»thftndef  Model  Program  for  the 
National  Transonic  FscMtty.  High  Reynolds  Number  Research  - 1960. 


paper  no  5.  NASA  CP-2183  (N81  -31 130).  pp  37-52  (Comments  on 
PD  *.  M  -292 )  (Ptesented  Dec  i960 ) 

N81-31135# 

An  overview  of  the  Pathfinder  Models  Program  is  presented  m 
this  paper  The  Pathfinder  program  is  a  major  research  and  develop¬ 
ment  activity  that  is  underway  m  support  of  the  National  Transonic 
Facility  Activation  Plan  The  program  Scope,  models  design  approach, 
and  Pathfinder  model  contigurations  are  presented  along  with  a 
discussion  ot  major  supportive  program  activities  In  addition,  the 
anticipated  design  criteria  for  NTF  models  are  presented 

‘NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

229  ‘Lawmg.  Pierce  L  .  and  'Kilgore,  Robert  A  Model  Exper¬ 
ience  in  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel.  High  Reyn 
olds  Number  Research  -  i960,  paper  no  6.  NASA  CP-2183  (N81  - 
31130).  pp  53-74  (Comments  on  p  293)  (Presented  Dec  1980  ) 

N81-31 136# 

The  development  of  wind  tunnels  that  can  be  operated  at  cryo¬ 
genic  temperatures  has  placed  several  new  demands  on  our  ability 
to  build  and  instrument  wind-tunnel  models  This  paper  presents  a 
bnef  summary  of  the  model  building,  development,  and  testing  exper  - 
tence  gamed  during  8  years  of  operation  of  the  Langley  0  3-m 
Transonic  Cryogenic  Tunnel 

‘NASA,  Langley  Research  Confer.  Hampton,  VA.  23665 

230  ‘Guarino,  Joseph  F.  Instrumentation  System*  lor  the 
National  Transonic  Facility.  High  Reynolds  Number  Research  — 
1980.  paper  no  7,  NASA  CP-2183  (N81-31130),  pp  75-80  (Com¬ 
ments  on  p  294 )  (Presented  Dec.  i960.) 

N81-31137# 

instrumentation  and  measurement  systems  are  important  ele¬ 
ments  m  any  complex  research  facility  The  National  Transonic 
Tunnel  with  its  unique  operational  characteristics  is  clearly  a  com¬ 
plex  facility  and  as  such  represents  a  significant  challenge  to  wind 
tunnel  instrument  designers  This  paper  briefly  describes  the 
instrument  requirements  imposed  by  the  hew  testing  environment, 
the  instrument  systems  being  provided  for  facility  calibration  and 
operation,  and  the  research  and  development  activities  directed  at 
meeting  overall  "Strument  and  measurement  requirements 

‘NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

231  ‘Ladson,  Charles  L,  and  ‘Kilgore.  Robert  A  .  Instrumenta¬ 
tion  for  Calibration  and  Control  of  a  Continuous-Flow  Cryogenic 
Tunnel.  High  Reynolds  Number  Research  —  1980.  paper  no  8. 
NASA  CP-2183  (N81-31130).  pp  81-92  (Comments  on  p  295.) 
(Presented  Dec  J  980.) 

N81-31138# 

This  paper  describes  those  aspects  of  selection  and  application 
of  calibration  and  control  instrumentation  that  are  influenced  by  the 
extremes  in  the  temperature  environment  to  be  found  in  cryogenic 
tunnels  A  description  is  given  of  the  instrumentation  and  data 
acquisition  system  used  in  the  Langley  0.3-m  Transonic  Cryogenic 
T unnel  along  with  typical  calibration  data  obtained  in  a  20-  by  60-cm 
two-dimensional  test  section 

‘NASA,  Langley  Research  Center.  Hampton,  VA.  23665 

232  ‘Hall.  Robert  M  Onset  of  Condensation  Effects  in  Cry- 
ogsnic  Wind  Tunnels.  High  Reynolds  Number  Research  —  1980. 
paper  no  9.  NASA  CP-2183  (N81-31130),  Sept  1981.  pp  93-104 
(Comments  on  pp  295-296  )  (Presented  Dec  1980.) 

N81-3U39# 


I  . 
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The  onset  of  condensation  effects  in  cryogenic  wind  tunnels 
limits  their  minimum  operating  temperatures.  If  this  onset  ot  effects 
occurs  below  saturation  temperature,  then  the  tunnels  may  be  oper¬ 
ated  at  the  lower  temperatures  and  additional  benefits  to  cryogenic 
tunnel  operation,  such  as  increased  Reynolds  number  capability 
and  reduced  operating  costs,  will  result.  Both  homogeneous  and 
heterogeneous  nucleation  processes  are  discussed  as  they  pertain 
to  continuous-flow  cryogenic  wind  tunnels  Examples  from  conden¬ 
sation  experiments  in  the  Langley  0.3-meter  Transonic  Cryogenic 
Tunnel  are  also  reviewed 

*  NASA,  Langley  Research  Center,  Hampton.  VA.  23665 

233  “Stamback,  P  Calvin,  and  “Fuller,  Dennis  £  Flow  Quality 
Measurements  in  Transonic  Wind  Tunnels  and  Planned  Calibration 
oi  the  National  T ransonic  Facility.  High  Reynolds  Number  Research 

1 980  paper  no.  1 0.  NASA  CP -21 83,  (N81  -31 1 30).  Sept  1 981 .  pp 
105-122  (Comments  on  pp  297-300  )  (Presented  Dec.  1980.) 

N81-31140# 

The  need  lor  mean  flow  and  dynamic  flow  quality  measure¬ 
ments  was  considered  for  the  National  Transonic  Facility  (NTF).  Past 
experience  in  making  flow  quality  measurements  in  transonic  flows 
and  at  cryogenic  temperatures  was  used  to  guide  the  selection  ot 
methods  to  be  used  in  the  NTF  it  appears  that  suitable  instrumenta¬ 
tion  will  be  available  and  adequate  experience  has  been  obtained  to 
insure  that  the  proper  calibration  of  the  NTF  can  be  made 
“NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

234  “Kempka.  S.  N .  and  “Clausing.  A.  M.  The  influence*  of 
Variable  Properties  on  Natural  Convection  From  Vertical  Surface*. 

University  of  Illinois  Technical  Rept.  ME-TN-81 -9180-2.  Vol.  II  of 
Final  Rept.,  Jan.  1981.  59  pp. 

N82-7773 5 

A  central  receiver  atop  a  tower  absorbs  solar  energy  reflected  to 
it  from  a  surrounding  array  of  heliostats.  The  thermal  losses  from  the 
receiver  are  an  unknown  factor.  Fundamental  research  in  convec¬ 
tive  heat  transfer  is  required  to  obtain  data  necessary  for  accurate 
prediction  of  thermal  losses.  One  method  of  obtaining  combined 
convection  data  is  cryogenic  modeling.  Low  temperature  experi¬ 
ments  performed  in  the  UlUC  Cryogenic  Heat  Transfer  Facility  have 
been  shown  to  agree  well  with  existing  correlations.  A  description  of 
the  apparatus  is  given 

“University  of  Illinois  at  Urbana-Champaign.  Urbana.  IL.  61801 
Basic  Research  Sponsored  by  Sandia  Nat.  Labs 
Research  Grant  No  87-9180 

235  “Ferris.  Alice  T..  and  “Moore,  Thomas  C.  Force  Instrumen¬ 
tation  for  Cryogenic  Wind  Tunnels.  Presented  at  the  27th  Interna¬ 
tional  Instrumentation  Symposium,  Indianapolis.  Indiana.  April  27 -30. 
1981.  pp.  149-160 

A82-41783 

One-piece  multicomponent  stram-gage  force  transducers  have 
been  utilized  successfully  to  measure  aerodynamic  loads  in  wind 
tunnel  models  for  many  years.  These  transducers  are  designed  to. 
and  have  historically,  operated  in  temperatures  ranging  from  295  K 
to  355  K  A  new  wind  tunnel  now  under  construction  at  Langley 
Research  Center  in  Hampton.  Virginia,  will  obtain  more  accurate 
data  m  aircraft  research  by  simulating  full  scale  Reynolds  numbers 
This  facility  will  have  the  capability  of  wind-tunnel  model  testing  at 
cryogenic  temperatures  (down  to  77  K)  and  high  pressure  (up  to  9 
atm)  An  extensive  testing  program,  including  cryogenic  wind  tunnel 
tests,  has  determined  materials  and  techniques  that  are  usable  to 
obtain  accurate  force  measurements  at  these  very  low  tempera¬ 


tures  The  effect  of  the  cryogenic  environment  on  the  transducer 
material  and  on  the  transducer's  electrical  components  (including 
strain  gages,  wiring,  solder,  and  moistureproofing),  the  gaging  tech¬ 
niques  developed  to  eliminate  undesirable  effects,  and  the  results  ot 
wind  tunnel  verification  tests  are  presented 
“NASA.  Langley  Research  Center.  Hampton,  VA,  23665 

236  “Gartrei/.  Luther  R.  *G ooderum.  Paul  B.  “Hunter.  William 

W .  Jr.,  and  “Meyers.  James  F  Laser  Vetocimetry  Technique  Ap¬ 
plied  to  the  Langley  0.3-Meter  Transonic  Cryogenic  Tunnel.  NASA 
TM-81913.  Apr  1981  35  pp 

N8 1-22331# 

A  low-power  (15  mW)  laser  velocimeter  operating  in  the 
forward -scatter  mode  has  been  used  to  measure  tree- stream  mean 
velocities  in  the  Langley  0  3-m  Transonic  Cryogenic  Tunnel  Ve¬ 
locity  ranging  from  51  to  235  m/s  was  measured  with  at  least 
±1 -percent  accuracy  These  measurements  were  obtained  tor  a 
variety  of  nominal  tunnel  conditions.  Mach  numbers  from  0.20  to 
0  77.  total  temperatures  trom  100  to  250  K.  and  pressures  from  101  to 
1 52  kPa  (1 .0  to  15  atm)  Particles  were  not  infected  to  augment  the 
existing  Mie  scattering  material.  It  is  postulated  that  the  existing  light 
scattering  material  in  these  tests  was  liquid  nitrogen  droplets  norm¬ 
ally  injected  to  control  the  tunnel  temperature  Signal  levels  obtained 
during  the  tests  indicated  that  the  average  particulate  diameter  was 
greater  than  1  0/*m.  Tunnel  vibrations  and  thermal  effects,  which 
were  considered  to  be  potential  problems  before  the  tests,  had  no 
detrimental  effects  on  the  optical  system. 

“NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

237  “Schroeder.  W  European  Transonic  Wind  Tunnel  ETW 
—Status  of  the  Proiect  at  the  End  of  the  Predesign  Phase.  DGLR 
Paper  81-027  Presented  at  Aachen.  West  Germany.  May  11-14, 
1981. 27  pp  (In  German.) 

A81 -47563# 

The  predesign  of  the  basic  ETW  with  a  test  cross-section  area 
of  3  2  mJ  and  a  maximum  pressure  of  4  5  bar  was  completed  in 
spring  1980.  The  need  for  a  European  transonic  wind  tunnel  for 
conducting  tests  at  high  Reynolds  numbers  is  discussed,  taking  into 
account  current  wind-tunnel  developments  in  Europe  and  the  U  S 
The  specifications  tor  the  ETW  are  considered.  The  maximum  Reyn¬ 
olds  number  for  the  ETW  has  been  raised  to  a  value  ot  50  million 
This  was  done  to  enhance  the  cost  effectiveness  of  testing  m  the 
ETW  and  to  reduce  development  risks  The  ETW  will,  therefore, 
provide  for  future  European  aircraft  development  conditions  for 
full-scale  testing  over  a  wide  flight  range.  Attention  is  given  to  the 
performance  spectrum  of  the  ETW.  an  evaluation  of  the  predesign, 
operational  aspects  of  the  ETW.  the  thermal  inertia  of  the  model,  the 
pilot  wind  tunnel,  the  cryogenic  technology  program,  and  the  future 
phases  of  the  ETW  program. 

“DGLR.  Aachen,  West  Germany  (FRG) 

238  “Johnson.  Charles  B.;  and  “Adock.  Jerry  B..  Measurement 
of  Recovery  Temperature  on  an  Airfoil  in  the  Langley  0.3-m  Tran¬ 
sonic  Cryogenic  Tunnel.  Presented  at  the  AIAA  16th  Thermophysics 
Conference,  Palo  Alto,  Calif..  June  23-25. 1981 

AlAA-81  -1062  A81 -39074# 

Experimental  measurements  of  recovery  temperature  were 
made  on  an  airfoil  in  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel 
at  Mach  numbers  of  0.60 and  0.84  over  a  Reynolds  number  per  meter 
range  from  about  1 5*  10*  to  about  335*  10*  The  measured  recovery 
temperatures  were  considerably  below  those  associated  with  ideal- 
gas  ambient  temperature  wind  tunnels.  This  difference  was  accen- 


tuated  as  the  stagnation  pressure  increased  and  the  total  tempera¬ 
ture  decreased  A  boundary -layer  code  modified  for  use  with 
cryogenic  nitrogen  adequately  predicted  the  measured  adiabatic 
wall  temperature  atall  conditions  A  quantitative on-ime  assessment 
of  the  nonadiabatic  condition  of  a  model  can  be  made  during  the 
operation  of  a  cryogenic  wind  tunnel  by  using  a  correlation  for  the 
adiabatic  wall  temperature  which  is  only  a  function  of  total  tempera  - 
ture.  total  pressure,  and  local  Mach  number  on  the  model 

'NASA  Langley  Research  Center.  Hampton.  VA.  23665 

239  'Wigiey.  D  A  The  Structure  and  Properties  of  Diffusion 
Assisted  Bonded  Joints  in  17-4  PH,  Type  347, 15-5  PH  and  Nitronic 

40  Stainless  Steels.  NASA  CR- 165745.  Juty  1961  30  pp 

N81 -30251ft 

Initial  trials  earned  out  at  NASA  Langley  Research  Center  have 
demonstrated  that  diffusion  assisted  bonds  can  be  formed  in  17-4 
PH.  1 5  5  PH.  type  347  and  Nitronic  40  stainless  steels  using  electro- 
deposited  copper  as  the  bonding  agent  The  bonds  are  analyzed  by 
conventional  metallographic.  electron  microprobe  analysis,  and 
scanning  electron  microscopic  techniques  as  well  as  Charpy  V- 
Notch  impact  tests  at  temperatures  of  77  and  300  K  The  results  are 
discussed  in  terms  of  a  postulated  model  for  the  bonding  process 

•The  University,  Southampton  S09  5NH,  Hampshire.  U  K 
Contract  NASI -16000  (Research  supported  by  Kentron  Inter¬ 
national.  Inc.,  Univ  of  Southampton,  and  NASA) 

240  ‘Boyden,  Richmond  P  and  ‘Johnson,  William  G .  Jr  Pre¬ 
liminary  Result*  of  Buffet  Tests  in  a  Cryogenic  Wind  Tunnel.  NASA 
TM-81923.  July  1981  37  pp 

N81 -31 124ft 

Buffet  tests  of  two  wings  with  different  leading -edge  sweep 
have  shown  that  it  is  feasible  to  use  the  standard  wing  root  bending 
moment  technique  in  a  cryogenic  wind  tunnel  The  results  for  the 
653  sweep  delta  wing  indicate  the  importance  of  matching  the 
reduced  frequency  parameter  in  model  tests  for  plantorms  which  are 
sensitive  to  reduced  frequency  parameter  it  quantitative  buffet  mea  - 
surements  are  required  The  unique  ability  of  a  pressurized  cryo¬ 
genic  wind  tunnel  to  separate  the  effects  of  Reynolds  number  and 
of  aeroelastic  distortion  by  variations  in  the  tunnel  stagnation 
temperature  and  pressure  was  demonstrated 

'NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

241  ‘Fuller,  D  E  Guide  for  Users  of  the  National  Transonic 
Facility.  NASA  TM-83124.  July  1981  41  pp 

N81 -29139ft 

The  National  Transonic  Facility  (NTF)  is  a  fan-driven,  closed- 
circuit,  continuous-flow,  pressurized  wind  tunnel  The  test  section  is 
2  5  m*2  5  m  and  7  62  m  long  with  a  slotted-wall  configuration  The 
NTF  will  have  a  Mach  number  range  from  0  2  fo  1.2.  with  Reynolds 
numbers  up  to  1 20*  10*  at  Mach  1  (based  on  a  reference  length  of 
0  25  m)  The  pressure  range  tor  the  facility  will  be  from  1  to  about  9 
bars(l  bar=l00kPa).  and  the  temperature  car  be  varied  from  340  to 
78  K  This  report  provides  potential  users  of  the  NTF  with  the  infor¬ 
mation  required  for  preliminary  planning  of  test  programs  and  for 
preliminary  layout  of  models  and  model  supports  which  may  be  used 
m  such  programs  Appendix  B  (by  Blair.  B  Gloss  and  Donna  Nys- 
trom)  presents  estimated  performance  maps  tor  the  NTF 
‘NASA.  Langley  Research  Center,  Hampton,  VA.  23665 

242  'Wigley,  D  A  .  “Sandefur.  P  G.  Jr ;  and  “Lawmg.  P  L 

Preliminary  Results  on  the  Development  of  Vacuum  Brazed  Joints 


lor  Cryogenic  Wind  Tunnel  Aerofoil  Models.  Advances  m  Cryogenic 
Engineering  (Materials),  voi  28.  Aug  10-14,  1981.  pp  893-903 

A81  44667ft 

The  results  of  these  initial  experiments  show  that  high  strength 
void-free  bonds  can  be  formed  by  vacuum  brazing  ot  stainless 
steels  using  copper  and  nickel-based  filler  metals  In  Nitronic  40. 
brazed  |Oints  have  been  formed  with  strengths  in  excess  of  the  yield 
strength  of  the  parent  metal  and  even  at  liquid  nitrogen  temperatures 
the  excellent  mechanical  properties  of  the  parent  metal  are  only 
slightly  degraded  The  poor  toughness  of  1 5  5  PH  stainless  steel  at 
cryogenic  temperatures  is  lowered  even  further  by  the  presence  of 
the  brazea  bonds  investigated  and  it  is  highly  unlikely  that  the 
technique  would  be  used  for  any  critical  areas  of  aerofoil  models 
intended  for  low-temperature  service  Nevertheless,  the  potential 
advantages  of  this  simplified  method  of  construction  still  have  attrac¬ 
tions  for  use  at  ambient  temperatures 
‘The  University,  Southampton  S09  5NH.  Hampshire.  U  K 
*  ‘NASA.  Langley  Research  Center,  Hampton.  VA,  23665 

Contract  NASl- 16000  (Research  supported  by  Kentron.  Interna¬ 
tional,  Inc  ,  Univ  of  Southampton,  and  NASA) 

243  ‘Clausing.  A  M  An  Experimental  Investigation  of  Con¬ 
vective  Losses  From  Solar  Receivers,  Final  Rept.  Volume  (.  Execu¬ 
tive  Summary  University  of  Illinois  TR-ME-TN-81 -9180-3.  Aug 
1981  25  pp 

N83- 10500ft 

The  cryogenic  test  facility  is  described  A  cryogenic  environ¬ 
ment  provides  a  means  of  obtaining,  simultaneously,  large  increases 
m  bofh  the  Reynolds  number  and  the  Grashot  number  hence,  it 
provides  an  excellent  tool  for  forced,  natural,  and  combined  convec¬ 
tion  heat  transfer  research  The  Reynolds  and  Grashof  numbers  are 
increased  with  an  ambient  temperature  of  80  K  by  factors  ot  approx  - 
imatefy  14  and  200.  respeedvefy.  over  those  obtainable  m  a  room 
temperature  facility.  The  cryogenic  environment  virtually  eliminates 
the  influences  of  radiative  heat  transfer  The  ability  to  vary  the 
temperature  in  the  test  section  greatly  increases  the  range  in  the 
Reynolds  and  Grashof  numbers  that  can  be  investigated  with  fixed 
model  and  test  section  dimensions  The  cryogenic  facility  also  pro¬ 
vides  an  excellent  environment  tor  the  investigation  of  the  influences 
of  property  variations  across  the  boundary  layers 

‘University  of  Illinois  at  Urbana-Champaign.  Urbana.  II.  61801 
Research  Grant  No  87-9180 

244  ‘Armstrong.  E  S  .  and  ‘Tripp,  J  S  An  Application  ol  Mul¬ 
tivariable  Design  Techniques  to  the  Control  of  the  National  Tran¬ 
sonic  Facility.  NASA  TP- 1887.  Aug  1981  34  pp 

N8 1-29840# 

The  digital  versions  of  optimal  linear  regulator  theory  and 
eigenvalue  placement  theory  are  applied  to  the  Mach  number  con¬ 
trol  loop  of  the  National  Transonic  Facility  cryogenic  wind  tunnel 
The  control  laws  developed  are  evaluated  on  a  nonlinear  simulation 
of  the  tunnel  process  for  a  typical  test  condition  and  are  found  to 
significantly  reduce  the  open  loop  time  required  to  achieve  a  Mach 
number  set  point 

‘NASA.  Langley  Research  Center.  Hampton,  VA,  23665 

24  ‘Ladson,  Charles  L..  and  ‘Ray,  Edward  J.  Status  ot 
Advanced  Airfoil  Teels  In  the  Langley  0.3-m  Transonic  Cryogenic 
Tunnel.  ACEE  Project  Oral  Status  Review.  Dryden  Research  Center. 
Sept  14.1981  Advanced  Aerodynamics  —  Selected  NASA  Research, 
NASA  CP-2208.  Dec  1981.  pp  37-53 

N84-27664# 


A  |omt  NASA  US  industry  program  to  test  advanced  tech¬ 
nology  airfoils  m  the  Langley  0  3-m  Transonic  Cryogenic  Tunnel 
|TCT)  has  been  formulated  under  the  Langley  ACEE  Project  Otlice 
The  objectives  of  this  program  include  providing  u  S  industry  an 
opportunity  to  compare  their  most  advanced  airfoils  to  the  latest 
NASA  designs  by  meansof  high  Reynolds  number  tests  m  the  same 
facility  At  the  same  time,  industry  would  gam  experience  m  the 
design  and  construction  of  cryogenic  models  as  well  as  experience 
m  cryogenic  test  techniques  This  paper  presents  the  status  and 
details  of  the  test  program  T ypical  aerodynamic  results  obtained,  to 
date  are  presented  at  chord  Reynolds  number  up  to  45*  1 0®  and  are 
compared  to  results  from  other  facilities  and  theory  Details  of  a  joint 
agreement  between  NASA  and  the  Deutsche  Forschungs  und  Ver- 
suchsanstalt  fur  Luft-  and  Raumfahrt  e  V  (DFVLR)  fcr  tests  of  two 
airfoils  are  also  included  Results  of  these  tests  will  be  made  avail¬ 
able  as  soon  as  practical. 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

246  *Hall.  Robert  M  .and  *  Adcock.  Jerry  B  Simulation  of  Ideal- 
Gas  Flow  by  Nitrogen  and  Other  Selected  Gates  at  Cryogenic 
Temperatures.  NASA  TP- 1901.  S^jgt.J  981  51  pp 

N81 -32418# 

The  real  gas  behavior  of  nitrogen,  the  gas  normally  used  in 
transonic  cryogenic  tunnels,  is  reported  for  the  following  flow  pro¬ 
cesses  isentropic  expansion,  normal  shocks,  boundary  layers,  and 
interactions  between  shock  waves  and  boundary  layers  The  only 
differences  m  predicted  pressure  ratio  between  nitrogen  and  an 
i deal  gas  which  may  limit  the  minimum  operating  temperature  of 
transonic  cryogenic  wind  tunnels  occur  at  total  pressu  res  approach  - 
mg  9  atm  and  total  temperatures  10  K  below  the  corresponding 
saturation  temperature  Thesa  pressure  differences  approach  1 
percent  tor  both  isentropic  expansions  and  normal  shocks  Alterna¬ 
tive  cryogenic  test  gases  were  also  analyzed  Differences  between 
arr  and  an  (deaf  chatormc  gas  are  similar  in  magnitude  to  those  for 
nitrogen  and  should  present  no  difficulty  However,  differences  for 
helium  and  hydrogen  are  over  an  order  of  magnitude  greater  than 
those  for  nitrogen  or  air  It  is  concluded  that  helium  and  cryogenic 
hydrogen  would  not  approximate  the  compressible  flow  of  an  ideal 
diatomic  gas 

‘NASA,  Langley  Research  Center,  Hampton.  VA,  23665 

247  ‘Polhamus.  E  C  .  and  *Boyden.  R  P  The  Development  of 
Cryogenic  Wind  Tunnels  and  Their  Application  to  Maneuvering 
Aircraft  Technology.  Presented  as  Paper  Mo  15  at  the  AGARD 
Sympos'um  on  Combat  Aircraft  Maneuverability.  Florence.  Italy.  Oct 
5  8  1981  12  pp  In  AGARD  CP-319 

N82-22196# 

A82- 13971# 

Because  of  the  strong  influence  of  Reynolds  number.  Mach 
number  and  aeroeiasticty  on  the  aerodynamics  of  combat  aircraft 
>n  the  nigh  angle -of -attack  range  encountered  during  maneuvers, 
the  unique  capabilities  of  the  new  cryogenic  wind  tunnels  offer  the 
aircraft  designer  important  new  capabilities  for  validation  of  his 
design  methodology  as  welt  as  the  ability  to  isolate  various  effects 
This  paper  therefore  discusses  the  cryogenic  wind  tunnel  relative 
to  its  potential  for  advancing  maneuvering  aircraft  technology  The 
first  portion  of  the  paper  consists  of  a  brief  overview  of  the  cryogenic 
wind-tunnel  concept  and  the  capabilities  and  status  of  the  Langley 
cryogenic  facilities  included  in  this  part  is  a  review  of  the  considera  - 
tions  leading  to  the  selection  of  the  cryogenic  concept  such  as 
capital  and  operating  costs  of  the  tunnel,  model  and  balance  con¬ 
struction  implications,  and  test  conditions  related  to  require¬ 
ments  specifically  associated  with  maneuvering  aircraft  tech¬ 
nology  Typical  viscous,  compressibility  and  aeroelastic  effects 


encountered  by  maneuvering  aircraft  are  illustrated  and  the  unique 
ability  ol  the  cryogenic  wind  tunnels  to  isolate  and  investigate  these 
parameters  while  simulating  full-scale  conditions  is  discussed  The 
status  ol  the  Langley  cryogenic  wind-tunnel  facilities  is  reviewed 
and  their  operating  envelopes  described  in  relation  to  maneuvering 
aircraft  research  and  development  requirements.  The  final  portion  ol 
the  paper  reviews  the  status  of  cryogenic  testing  technology  devel¬ 
opment  specifically  related  to  aircraft  maneuverability  studies 
including  force  balances  and  buffet  measurement  techniques 
Included  are  examples  ol  research  carried  out  in  the  Langley  0  3-m 
Transonic  Cryogenic  Tunnel  to  verify  the  various  techniques 
•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

248  4  Lassiter.  W  S  Design  Predictions  tor  Noise  Control  in  the 
Cryogenic  National  Transonic  Facility.  Noise  Control  Engineering 
voi  17.  Sept  -Oct  1981  pp  76-  84  (A  paper  on  this  Subiect  was 
presented  at  Noise-Con  8i  at  North  Carolina  State  Umv  June  8- 10. 
1981.  and  is  m  their  Proceedings,  pp  121-124  For  a  shortened  form 
see  Astronautics  and  Aeronautics.  Feb  1981.  p  45  ) 

A02- 12025 

Noise  control  in  the  National  Transonic  Facility  —  a  cryogenic 
wind  tunnel  —  has  been  examined  in  terms  of  acoustical  design 
criteria,  drive-fan  noise  and  exhaust  system  noise  A  duct  lining  with 
two  layers  of  perforated  sheeting  and  a  gas- filled  honeycomb  core 
was  selected  for  attenuating  drive- fan  noise  With  the  exception  of 
attenuation  peaks,  attenuation  of  the  lining  was  found  to  experimen¬ 
tally  agree  with  predicted  values  at  20° C  air  temperatures  Exhaust 
system  noise  will  beattenauted  with  a  large  muffler  used  in  conjunc¬ 
tion  with  a  6l-m  high  acoustical  enclosure  Fan  noise  from  the 
fan-ejector  system  will  be  attenuated  by  fan  silencers  and  the  acous¬ 
tic  enclosure 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

249  'Pofhamus.  E  C  The  Large  Second  Generation  of  Cry¬ 
ogenic  Tunnel#.  Astronautics  and  Aeronautics,  vol  19.  Oct  1981. 
pp  38-51 

A8 1-48720# 

Developmental  histones  and  proven  or  projected  operational 
capabilities  are  presented  for  wind  tunnels,  already  operational  or 
nearing  completion,  whose  stream  fluid  is  cryogenic  and  permits  the 
testing  of  advanced  transonic  and  supersonic  aircraft  designs  at 
Reynolds  numbers  of  up  to  120  million  These  facilities  include  (1) 
the  NASA  /Langley  National  Transonic  Facility  (NTF).  which  can 
employ  a  conventional  fan  dnve  because  of  the  drive  power  reduc¬ 
tions  permitted  by  the  cryogenic  nitrogen  stream  fluid.  (2)  the  Doug¬ 
las  Aircraft  4  0-ft  tnsomc  tunnel,  converted  from  conventional  opera  - 
tion.  and  (3)  the  European  Transonic  Windtunnel,  which  is  based  on 
the  fan  -driven  cryogenic  pressure  tunnel  concept  Also  covered  are 
national  research  facilities  in  France.  Japan,  Britain,  and  West  Ger¬ 
many  Attention  is  given  the  integration  of  digital  control  and  data 
acquisition  and  processing  capabilities  into  the  cryogenic  facilities, 
such  as  the  four  identical  computers  of  the  NTF  which  are  to 
increase  productivity  and  reduce  operating  costs 
•NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

250  ‘Clark.  G  L  .  Jr  Cryogenic  Modeling  by  Combined  Con¬ 
vection  From  a  Vertical  Cylinder  in  a  Horizontal  Flow.  Umv  of  ill 

Ph  0  thesis.  Oct  1981  209  pp 

N82 -32632# 

Prediction  of  the  convective  loss  from  solar  thermal-electric 
receivers  is  not  presently  feasible  since  the  scientific  basis  for  such 
a  prediction  is  not  available  These  receivers  wilt  typically  operate  in 
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the  combined  convection  region  (Gr^/Refr^))  with  Reynolds  num¬ 
bers.  Re,  above  10*  and  Grashof  numbers.  Gr.  exceeding  10”  well 
above  previously  reported  experimental  data  A  novel  heat  transfer 
technique  the  use  of  cryogenic  temperatures  lot  convective  model¬ 
ing.  was  used  in  the  present  investigation  to  significantly  extend  the 
region  of  measured  data  for  combined  convection  from  a  vertical 
cylinder  in  a  horizontal  flow  Reynolds  numbers  above  5*  10'.  with 
Grashof  numbers  above  10”  were  achieved  m  a  cryogenic  heat 
transfer  funnel  which  was  constructed  for  this  research 
•University  of  Illinois  at  Urbana-Champaign.  Urbana  IL.  61801 
Research  supported  by  Sandia  Labs.  Livermore.  CA 

251  *Tripp.  John  S.  An  Algorithm  for  Minimum-Cost  Set- 
Point  Ordering  in  a  Cryogenic  Wind  Tunnel.  NASA  TP- 1923.  Nov 
1981  30  pp 

N82- 11090# 

An  algorithm  for  minimum-cost  ordering  of  set  points  in  a  cry 
ogemc  wind  tunnel  is  developed  The  procedure  generates  a  matrix 
of  dynamic  state -transition  costs,  which  is  evaluated  by  means  of  a 
single-volume  lumped  model  of  the  cryogenic  wind  tunnel  and  the 
use  of  some  idealized  minimum- cost  state -transition  control  strate¬ 
gies  A  branch  and  bound  algorithm  is  employed  to  determine  the 
least  costly  sequence  of  state  transitions  from  the  transition-cost 
matrix  Some  numerical  results  based  on  data  for  the  National  Tran¬ 
sonic  Facility  are  presented  which  show  a  strong  preference  for 
state  transitions  that  consume  no  coolant  Results  also  show  that  the 
choice  of  the  terminal  set  point  in  an  open  ordering  can  produce  a 
wide  variation  m  total  cost 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

252  ‘Clausing,  A  M  ,  and  *Kempka.  S  N  The  Influence*  of 
Properly  Variations  on  Natural  Convection  From  Vertical  Surface*. 

ASME  Winter  Annual  Meeting,  Nov  15-20.  1981.  Washington,  D  C., 
and  published  in  the  ASME  ‘Natural  Convection.''  HTD  Vol  1 6. 1 98 1 . 
Also  published  m  Journal  of  Heat  Transfer,  Vol  i03.No  4.  Nov  1981. 
pp.  609-612 

The  objective  of  this  paper  is  to  show  the  influences  of  property 
variations  in  natural  convection  Heat  transfer  from  a  vertical  iso¬ 
thermal,  healed  surfaceto  gaseous  nitrogen  is  experimentally  inves¬ 
tigated  The  ambient  temperature,  Tqo,  is  varied  in  order  to  cover  a 
large  range  of  the  Rayleigh  number  and  also  to  enable  the  genera¬ 
tion  of  large  values  of  this  parameter  The  range  80  K  <  T^  <  320  K 
results  in  Rayleigh  numbers  between  107  and  2*10'°  for  the  0  28  m 
model  By  using  a  cryogenic  environment,  large  ratios  of  the  abso¬ 
lute  temperature  of  the  wall  to  the  ambient  temperature.  T^/Tqo  .  are 
generated  without  the  results  being  masked  by  radiative  heat 
transfer.  The  range  1  <  T-/Ta3<  2.6  is  investigated  Variable 
properties  cause  dramatic  increases  in  heat  transfer  rates  in  the 
turbulent  regime,  and  virtually  no  influence  is  seen  in  the  laminar 
regime  The  results  obtained  correlate  extremely  well  with  the  addi¬ 
tion  of  a  single  parameter  T^/T^ 

•University  of  Illinois  at  Urbana-Champaign.  Urbana.  IL.  61801 
Grant  No.  87-9180.  DOE  Subcontract 

253  *Lawing.  Pierce  L.  Vacuum-Brazed  Joints  lor  Cryoganic 
Wind-Tunnel  Models.  Research  and  Technology  ~  Annual  Report 
of  the  Langley  Research  Center.  NASA  TM -83221,  Nov  1981.  p  7 

N82  - 1 3043  (p  7) 

Nitromc  40  has  been  chosen  for  construction  of  pilot  models  to 
be  used  in  the  NTF  cr  "-genic  tunnel  The  ability  to  form  bonded 
lomts  m  Nitromc  40  is  discussed  and  results  are  described  High¬ 


lights  ol  major  accomplishments  and  applications  are  presented  m 
fh'S  annua)  report 

•NASA.  Langley  Research  Center.  Hampton  VA,  23665 

254  *  Morel.  J  P  A  Progress  Report  on  the  European  Transonic 
WindtunneJ  Project  (Le  Projel  de  Soufflerie  Transsomque  Euro- 
peenne  ETW  -Etat  actual)  Association  Aeronautique  et  Astrono- 
miquede  France,  CollOqued'Aerodynamique  Apphquee,  18th,  Poit¬ 
iers.  France.  Nov.  18-20.  1981  ONERA- TP-1981  121.  1981  24  pp 
tin  French  ) 

A82  19737# 

An  interim  report  on  the  design  for  a  European  T ransomc  Wind  - 
tunnel,  bemg  built  by  the  cooperative  efforts  of  West  Germany 
Bntam.  and  the  Low  Countries  is  presented  and  details  ol  the  par¬ 
tially  completed  prototype  wind  tunnel  are  provided  The  ETW  will  be 
a  cryogenic,  nitrogen  gas  installation  for  examining  flows  at  high 
Reynolds  numbers,  and  consultations  are  continuing  with  NASA  on 
the  cryogenic  technology  The  lull  test  channel  will  have  a  2  4*2  m* 
cross  section,  with  a  pressure  variance  between  1  25-4  5  bars 
T emperatures  will  range  from  1 20- 1 68  K  at  Mach  numbers  up  to  i  7 
and  equipment  altering  the  incidence  angle  of  test  models  at  a  rate  ot 
4  deg  /sec  is  intended  A  pilot  ETW  is  under  construction,  with  a 
cross-section  of  0  27*0  23m,  and  is  being  used  to  verify  the  aerody¬ 
namic  performance  of  the  flow  circuit,  the  responses  to  Mach 
number,  pressure,  and  temperature,  and  the  control  circuits 
•ONERA.  BP  72.  92322  Chatillon  Cedex.  France 

255  *  Johnson.  C.  D  Study  ol  Nonadlabatic  Boundary-Layer 
Stabilization  Time  in  a  Cryogenic  Tunnel  tor  Typical  Wing  and 

Fuselage  Model*.  Journal  of  Aircraft,  vol  18.no  11.  Nov.  1981.  pp 
913-919 

AIAA  Paper  80-0417 

Note:  For  an  earlier  torm  of  this  paper  and  an  abstract  see  entry  1 77 
in  this  bibliography. 

•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

256  ‘Murthy.  A  V  .  **Johnson.  C  B  .  **Ray.  E  J..  and  **law- 
mg.  P  L :  Recent  Sidewafl  Boundary-Layer  Investigations  With 
Suction  in  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel.  AIAA 

20th  Aerospace  Sciences  Meeting.  Orlando.  Florida.  Jan  1 1-M. 
1982  11  pp 

AIAA-82-0234  A82-17858# 

An  experimental  and  theoretical  study  of  the  Langley  0.3-m 
Transonic  Cryogenic  Tunnel  (TCT)  sidewall  boundary -layer  with 
and  without  suction,  has  been  made  Without  suction,  the  boundary  - 
layer  displacement  thickness  at  a  station  ahead  of  the  model  varied 
from  about  1  6  mm  to  t  3  mm  over  a  Reynolds  number  range  of  20  to 
200*10*/m  at  Mach  numbers  from  0  30  to  076  Measured  velocity 
profiles  correlated  using  the  defect  law  of  Hama.  The  boundary- 
layer  displacement  thickness  decreased  when  suction  was  applied, 
however,  after  suction  of  about  2  percent  of  test  section  mass  flow, 
the  change  in  the  thickness  was  smaff  A  comparison  of  fhe  mea¬ 
sured  suction  effectiveness  with  finite  difference  and  integral 
methods  of  boundary-layer  calculation  showed  that  both  the 
methods  predicted  the  right  trend  over  the  range  of  suction  veloci¬ 
ties  (up  to  v„/u,— 0  02) 

•Resident  Research  Associate,  NASA  Langley  Research  Center. 
Hampton.  VA  23665 

••NASA.  Langley  Research  Center.  Hampton.  VA.  23665 
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257  L  ONERA  a  I'heure  d«i  Soufftertes  Cryogeniques.  (ONER A 
now  has  one  of  the  cryogenic  wind  tunnels )  Aviation  (International) 
Magazine  No  810  Jan  15  31.  1982  pp  28  32  (In  French) 

ONERA  has  completed  its  transformation  ot  the  T2  tunnel  This 
tunner  located  at  Centre  d'Etudes  et  de  Recherches  de  Toulouse 
|CERT>,  operates  at  very  low  temperatures  in  the  neighborhood  of 
lOOkelvto  il  73^0  The  facility  is  described  insulating  materials  are 
discussed  The  tunnel  can  attain  a  Reynolds  number  of  37  million 
with  models  of  ISO  mm  The  wind  tunnel  also  has  adaptable  walls 

258  *Beck.  J  W  Cryogenic -Wind -Tunnel  Technology  —  A 
Way  to  Measurement  at  Higher  Reynolds  Humbert.  (Kryo- 
Windkanai-Technologte-Ew  Weg  zur  Messung  bei  hoheren 
Reynolds-Zahlen.)  in  Publication  on  the  occasion  of  the  65th  birth¬ 
day  of  Prof  Of  -log  Erich  Truckenbrodt.  Scientific  Colloquium. 
Techmsche  Universitat  Munchen,  Munich,  West  Germany.  Feb.  1, 
1982.  Reports  (A83-46482)  Munich.  Techmsche  Universitat  Mun¬ 
chen.  1982,  pp  53-87  (In  German )  For  English  translation,  see 
NASA  TM- 77481.  May  1984 

A83-46484#  (German) 

N84 -34451#  (English) 

The  goals,  design,  problems,  and  value  of  cryogenic  transonic 
wnd  tunnels  being  developed  in  Europe  are  discussed  The  disad¬ 
vantages  inherent  in  low -Reynolds- number  (Re)  wind-tunnel  simu¬ 
lations  of  aircraft  flight  at  high  Re  are  reviewed,  and  the  cryogenic 
tunnel  is  shown  to  be  the  most  practical  method  to  achieve  high  Re 
The  design  proposed  for  the  European  T ransomc  Windtunnel  (ETW) 
is  presented  parameters  include  cross-section  ot  4  m»  operating 
pressure  ot  5  bar.  temperature  of  1 10-1 20  K.  maximum  Re  Of  40*  1 0*. 
liquid  N2  consumption  of  40.000  metric  tons,  year,  and  power  of  39  5 
MW  The  smaller  Cologne  subsonic  tunnel  being  adapted  to  cryo¬ 
genic  use  by  DFVLR  for  preliminary  studies  is  described  Problems 
of  configuration,  materials  and  liquid-N2  evaporation  and  handling, 
and  the  research  underway  to  solve  them  are  outlined.  The  benefits 
to  be  gamed  by  the  construction  ot  these  costly  installations  are 
seen  more  in  applied  aerodynamics  than  in  basic  research  in  fluid 
physics  The  need  for  parallel  development  of  both  high- Re  tunnels 
and  computers  capable  of  performing  high— Re  numerical  analysis 
is  stressed 

•OFVLR.  Oberpfaffenhofen,  West  Germany  (FRG) 

259  'Teague.  E  C .  •Vorburger.  T.  V.;  ‘Scire.  F.  E.;  ‘Baker. 
S  M.;  ‘Jensen.  S.  W.,  ‘Trahan,  C.;  and  ** Gloss.  B  B :  Evaluation 
Methods  tor  Characterizing  Surface  Topography  ot  Models  tor  High 
Reynolds  Number  Wind-Tunnels.  AIAA  12th  Aerodynamic  Testing 
Conference.  Williamsburg,  Va..  Mar.  21-24.  1982.  6  pp.  Technical 
papers,  pp  246-251 

AIAA-82-0603  A82-24675# 

Because  of  the  high  Reynolds  number  of  the  National  T ransonic 
Facility,  (NTF).  and  the  attendant  thin  boundary  layers,  the  National 
Aeronautics  and  Space  Administration  is  reexamining  aerodynamic 
effects  related  to  model  surlace  topography  definition.  There  are  no 
data  which  demonstrate  that  the  stylus  instruments  used  by  model 
fabrication  shops  accurately  determine  the  topography  of  surlaces 
typical  of  NTF  models  This  paper  describes  current  work  at  the 
National  Bureau  of  Standards,  sponsored  by  NASA,  to  evaluate  the 
performance  of  stylus  instruments  for  this  application  and  to  develop 
a  light  scattering  instrument  which  will  yield  accurate  characteriza¬ 
tions  of  the  surface  microtopography  and  overcome  the  problems 
associated  with  stylus  profilometry. 

*  National  Bureau  of  Standards.  Washington.  DC.  20324 

*  'NASA.  Langley  Research  Center,  Hampton.  VA.  23665 


280  'Lynch.  F  T.  and  'Patel.  D  R  Some  Important  New 
Instrumentation  Needs  and  Testing  Requirements  tor  Testing  in  a 
Cryogenic  Wind  Tunnsi  Such  as  ths  NTF.  AIAA  12th  Aerodynamic 
Testing  Conference.  Williamsburg.  Va  .  Mar  21  -24.  1982  13  pp 

AIAA-82-0605 

A  great  deal  of  effort  has  been  focused  on  solving  the  actual 
construction  and  facility-related  problems  of  cryogenic  wind  tun¬ 
nels  such  as  the  National  T ransomc  Facility  (NTF)  In  contrast  how¬ 
ever,  inadequate  attention  has  been  given  to  (he  development  of 
solutions  to  important  user- related  problems  unique  to  cryogenic 
wind  tunnels.  To  be  able  to  exploit  the  potential  advantage  of  the  very 
high  Reynolds  number  capability  that  will  be  provided  by  the  NTF, 
several  issues  regarding  instrumentation  requirements  and  testing 
techniques  must  be  addressed  now.  Two  of  the  most  important 
issues,  largely  ignored  to  date,  concern  the  need  for  new  boundary- 
layer  transition  fixing  and  detection  methods  for  NTF  models,  and 
the  need  for  precise  model  thermal  conditioning  and  associated 
thermal  control  instrumentation.  Another  requirement  which  must 
be  addressed  is  the  need  to  provide  provisions  to  establish  model 
support  interference  effects.  The  rationale  for  these  requirements  in 
a  cryogenic  wind  tunnel,  and  the  urgency  relative  to  the  NTF  is 
presented  All  of  these  requirements  will  result  in  substantially 
higher  model  and  testing  costs  than  had  been  previously  antici¬ 
pated  Recommendations  for  near-term  action  by  the  technical 
community  interested  in  effectively  using  the  NTF  are  offered. 
•Douglas  Aircraft  Co.,  McDonnell  Douglas  Corp.,  (Mail  code  36-91) 
3855  Lakewood  Blvd.,  Long  Beach.  CA.  90846 


261  *  F  ancher ,  M  F  Aspects  of  Cryogenic  Wind  Tunnel  Testing 

Technology  at  Oougias.  AIAA  12th  Aerodynamic  Testing  Confer¬ 
ence.  Williamsburg.  Va  .  March  21-24, 1982.  11  pp. 

AIAA-82-0606 

The  need  for  high-Reynolds  number  transonic  aerodynamic 
testing  capability  appears  near  fulfillment  with  introduction  of  the 
cryogenic  National  Transonic  Facility  (NTF).  To  date,  much  empha¬ 
sis  has  been  placed  on  development  ot  facility -related  hardware  and 
technology  Analysis  and  experience  have  shown,  however,  that  a 
considerable  number  of  user -related  problems  remain  to  be  resolved 
before  the  NTF  may  be  used  either  efficiently  or  effectively  The 
present  paper  describes  the  approach  and  experience  at  Douglas  in 
further  defining  and  seeking  solutions  to  some  of  the  outstanding 
testing  problems  facing  users  of  the  NTF  Subiects  discussed 
include  development  of  boundary -layer  transition  detection  instru¬ 
mentation,  maintenance  of  model  temperature  tolerances,  test  sec¬ 
tion  optical  access,  model  materials,  and  model  fabrication  methods 
(Copies  may  be  secured  from  the  author.) 

•Douglas  Aircraft  Co..  McDonnell  Douglas  Corp..  (Mail  code  36-91) 
3855  Lakewood  Blvd .  Long  Beach,  CA,  90846 

282  ‘Hunter.  W  W  ,  Jr ,  and  ‘Foughner,  J.  T  .  Jr.,  Editors  Flow 
Visual  list  ion  and  Laser  Vetocimotry  foe  Wind  Tunnafs.  NASA  CP- 
2243,  Sept  1982. 354  pp.  Selected  items  follow  in  this  bibliography 

N82 -32663# 

The  proceedings  of  a  workshop  held  on  March  25-26. 1982.  at 
NASA  Langley  Research  Center.  Hampton,  VA.  are  presented.  The 
need  for  flow  visualization  and  laser  velocimetry  were  discussed 
The  purpose  was  threefold:  (1)  provide  a  state-of-the-art  overview. 

(2)  provide  a  forum  for  industry,  universities,  and  government  agen¬ 
cies  to  address  problems  in  developing  useful  and  productive  flow 
visualization  and  laser  velocimetry  measurement  techniques;  and 

(3)  provide  discussion  of  recent  developments  and  applications  ot 
flow  visualization  and  laser  velocimetry  measurement  techniques 
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T 
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and  instrumentation  systems  for  wind  tunnels  including  the  Langley 

0  3  Meter  Transonic  Cryogenic  Tunnel 

•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

263  'Crowder,  James  P  Surface  Flow  Visualization  Using 
Indicators.  Flow  Visualization  and  Laser  Veiocimelry  for  Wind  Tun 
nels,  paper  no.  5,  NASA-CP-2243,  Sept  1982.  pp  37  46  (Presented 
Mar  1982) 

N82-32668# 

Surface  flow  visualization  using  indicators  in  the  cryogenic 
wind  tunnel  which  requires  a  fresh  look  at  materials  and  procedures 
to  accommodate  the  new  test  conditions  is  described  Potential 
liquid  and  gaseous  indicators  are  identified  The  particular  materials 
illustrate  the  various  requirements  an  indicator  must  fulfill  The  indi¬ 
cator  must  respond  properly  to  the  flow  phenomenon  of  interest  and 
must  be  observable  Boundary  layer  transition  is  the  most  important 
phenomenon  for  which  flow  visualization  indicators  may  be 
employed  The  visibility  of  a  particular  indicator  depends  on  utilizing 
various  optical  or  chemical  reactions.  Gaseous  indicators  are  more 
difficult  to  utilize,  but  because  of  their  diversity  may  present  unusual 
and  useful  opportunities.  Factors  to  be  considered  in  selecting  an 
indicator  include  handling  safety,  toxicity,  potential  for  contamina¬ 
tion  of  the  tunnel,  and  cost. 

•Aerodynamics  Lab  .  Boeing  Co..  Seattle,  WA.  98124 

264  ‘Rhodes,  D  B ;  and  ‘Jones.  S  B  Flow  Visualization  in  the 
Langley  0.3-Meter  Transonic  Cryogenic  Tunnel  and  Preliminary 
Plans  tor  the  National  Transonic  Facility.  Flow  Visualization  and 
Laser  Velocimetry  for  Wind  Tunnels,  paper  no.  14.  NASA  CP-2243. 
Sept  1982.  pp  117-132  (Presented  Mar.  1982.) 

N82- 32677# 

Design  problems  associated  with  the  integration  of  flow  visuali¬ 
zation  in  cryogenic  facilities  are  discussed.  The  possible  effects 
from  the  cryogenic  environment  (i.e.,  window  distortion  due  to  ther¬ 
mal  contraction,  both  in  the  mounts  and  in  the  window  material  itself. 
and  turbulence  in  the  flow  due  to  injected  LN?)  are  examined.  The 
flow  visualization  techniques  studied  are  schlieren,  shadowgraph. 
moire  defleclometry.  and  holographic  interterometry  The  test  beds 
for  this  work  are  a  Langley  in-house  cryogenic  test  chamber  and  the 
03-m  Transonic  Cryogenic  Tunnel. 

'NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

265  'Snow,  W  L.;  'Burner.  A.  W.;  and  'Goad.  W.  K.:  "Seeing" 
Through  Flows  in  Langley's  0.3-Meter  Transonic  Cryogenic  Tun¬ 
nel.  Flow  Visualization  and  Laser  Velocimetry  for  Wind  Tunnels, 
paper  no.  15.  NASA  CP-2243.  Sept.  1902.  pp.  133-147.  (Presented 
Mar  1982.) 

N82-32678# 

Viewing  problems  associated  with  (he  measurement  of  model 
deformation  in  cryogenic  wind  tunnels  are  discussed.  Tests  were 
conducted  in  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  to 
assess  viewing  capabilities  through  the  flow  field.  The  effects  of 
condensation  and  turbulent  boundary  layers  are  discussed  and  a 
modelling  procedure  for  image  degradation  is  described. 

'NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

266  'Burner.  A.  W.;  'Snow.  W.  L..  'Goad,  W  K..  'Helms.  V.  T  .  and 
•Gooderum.  P  B  Flow  Field  Studies  Using  Holographic  Interfe¬ 
rometry  at  Langley.  Flow  Visualization  and  Laser  Velocimetry  for 
Wind  Tunnels,  paper  no.  20.  NASA  CP-2243,  Sept.  1982,  pp 
193-204  (Presented  Mar  1982  ) 

N 82- 32682# 


Some  of  the  uses  of  holographic  interferometry  at  Langley 
Research  Center  both  for  flow  visualization  and  tor  density  field 
determinations  are  described  and  tests  in  cryogenic  flows  at  the 
Langley  0  3-m  Transonic  Cryogenic  Tunnel  are  discussed  Experi¬ 
mental  and  theoretical  Innge  shift  data  are  compared 
'NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

267  ‘Gartrell.  Luther  R  Laser  Doppler  Velocimetry  Application 
in  the  Langley  0.3-Meter  Transonic  Cryogenic  Tunnel.  Flow  Visual  - 
ization  and  Laser  Velocimetry  for  Wind  Tunnels,  paper  no  34.  NASA 
CP-2243.  Sept  1982.  pp.  323-334  (Presented  Mar  1982) 

N02  32696# 

The  problems  and  the  potential  use  of  a  nonmtrusiveflow  veloc¬ 
ity  measuring  technique  in  the  Langley  0  3-m,  Transonic  Cryogenic 
Tunnel  (TCT)  were  investigated.  A  laser  velocimeter  (LV)  was  used 
It  was  concluded  that  free-stream  velocity  measurements  can  be 
s  ccessfully  made  in  the  Langley  0.3-m  TCT  using  a  low-power 
(15-mW)  LV  system.  The  measured  and  calculated  mean  velocities 
typically  agreed  within  one  percent.  The  overall  normalized  stand¬ 
ard  deviation  was  less  than  one  percent.  Tunnel  vibration  and 
temperature  had  no  detrimental  effects  on  the  optical  system  It  is 
recommended  that  the  LV  work  should  be  further  investigated  for 
future  use  in  the  Langley  0.3-m  TCT. 

'NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

268  'Honaker,  W.  C  Velocity  and  Flow  Angle  Measurements  In 
the  Langley  0.3-Meter  Transonic  Cryogsnfc  Tunnel  Using  a  Laser 
Transit  Anemometer.  Flow  Visualization  and  Laser  Velocimetry  for 
Wind  Tunnels,  paper  no.  35.  NASA  CP  -2243,  Sept  1982.  pp 
335-342.  (Presented  Mar  1982  ) 

N62-32697# 

The  Laser  Transit  Anemometer  (LT A)  system  is  described.  In  the 
LTA  system  two  parallel  laser  beams  of  known  separation  and  cross 
sectional  area  are  focussed  at  the  same  location  or  plane.  When  a 
particle  in  a  flow  field  passes  through  both  beams  and  the  time  is 
recorded  for  its  transit  (time  of  flight),  its  velocity  can  be  calculated 
knowing  the  distance  between  the  beams.  By  rotating  the  two  beams 
(spots)  around  a  common  center  and  recording  the  number  of  valid 
events  (a  particle  which  passes  through  both  spots  in  the  proper 
sequence)  at  each  angle  the  flow  angle  can  be  determined  by  curve 
fitting  a  predetermined  number  of  angles  or  points  and  calculating 
the  peak  of  what  should  be  a  Gaussian  curve.  The  best  angle  or  flow 
angle  is  defined  as  the  angle  at  which  the  maximum  number  of  valid 
events  occurs.  The  LTA  system  functioned  properly  although  condi¬ 
tions  were  less  than  desirable. 

'NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

269  'Hunter.  W.  W.  Jr..  'Gartrell.  L.  R.;  and  'Honaker.  W.  C.. 
Some  NTF  Laser  Vetoclmeter  Installation  and  Operation  Considers - 
dons.  Flow  Visualization  and  Laser  Velocimetry  lor  Wind  Tunnels, 
paper  no.  36.  NASA  CP -2243.  Sept.  1982.  pp  343-358.  (Presented 
Mar.  1982.) 

N82- 32698# 

T wo  velocimeter  techniques  were  considered  as  potential  can  - 
didates  for  achieving  the  flow  field  angularity  measurements  The 
first  was  the  fringe  laser  Doppler  velocimeter.  (LDV).  A  great  deal  of 
experience  was  obtained  with  this  approacb  At  Langley  and  the 
literature  is  rich  with  papers  describing  rr  -rimental  applica¬ 

tions  and  system  performance  details.  That  is.  many  velocity  flow 
field  measurements  were  conducted  with  the  LDV  but  not  with  high 
resolution  precise  angularity  measurements  The  second  candidate 
considered  was  the  two-spot  laser  transit  anemometer.  (LTA)  This 
approach  was  not  as  extensively  used  as  the  LDV  technique,  but 
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literature  does  contain  experimental  applications  and  system  per¬ 
formance  details  Again,  a  lack  of  high  resolution,  high  precision 
angularity  measurements  is  noted  tor  the  LTA  The  results  ot  the 
study  suggested  that  the  LDV  and  LTA  tests  and  other  efforts  did  not 
reveal  any  fundamental  problems  that  would  suggest  that  laser 
veiocimetry  is  not  a  viable  diagnostic  technique  tor  the  National 
Transonic  Facility  However,  there  are  a  number  of  engineering 
problems  that  need  to  be  solved 

•NASA,  Langley  Research  Center.  Hampton,  VA,  23665 

270  'Michel,  R.  and  ‘Mignosi.  A  Adaptation  and  First  Cryo- 
genic  Operation  of  T2  ONERA/CERT  Wind  Tunnel.  La  Recherche 
Aerospatiale  (English  Edition),  No  2.  Mar  -Apr.  1962,  pp.  75-85 

A82-42531# 

N84-13143# 

A  description  is  given  of  the  transformation  of  the  ONERA/ 
CERT  induction-driven  transonic  wind  tunnel  into  a  btowdown,  cry- 
oger  ~  wind  tunnel  which  employs  high  pressure  air  as  a  driving  gas 
and  liquid  nitrogen  as  a  coolant.  An  analysis  of  results  from  the  first 
series  of  tow  temperature  tests  shows  that  the  combination  of  induc¬ 
tion  and  cryogenics  yields  steady  and  well  defined  low  temperature 
flows  at  transonic  Mach  numbers,  with  temperatures  as  low  as  1 00  K 
and  Reynolds  numbers  from  3  million  to  over  30  million,  Attention  is 
given  to  the  design  details  of  the  liquid  nitrogen  supply  and  injection 
systems,  as  well  as  the  performance  levels  achieved. 

•ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex,  France 

271  •Wigley.  D.  A.  The  Metallurgical  Structure  and  Mechanical 
Properties  at  Low  Temperatures  of  Nitronic  40,  With  Particular 
Reference  to  Its  Use  in  the  Construction  of  Mod  sis  for  Cryogenic 
Wind  Tunnels.  NASA  CR- 165907.  Apr  1982.  66  pp 

N82-30375 

Nitronic  40  was  chosen  tor  the  construction  of  Pathfinder  l,  an 
R  &  D  model  for  use  in  the  National  Transonic  Facility,  because  of  its 
good  published  mechanical  properties  at  cryogenic  temperatures. 
Nitronic  40  delivered  to  LaRC,  McDonnell  Douglas  and  Lockheed 
was,  however,  found  to  contain  delta  ferrite  and  to  be  in  a  sensitized 
condition.  Heat-treatments  carried  out  at  LaRC  to  remove  residual 
stresses  also  caused  further  sensitization.  Experiments  showed  that 
heat- treatment  followed  by  cryoquenching  removed  the  sensitiza¬ 
tion  without  creating  residual  stresses  Heat-treatment  at  tempera¬ 
tures  ot  2200°?  was  used  to  remove  the  delta  ferrite  but  with  little 
success  and  at  the  cost  of  massive  grain  growth.  The  implications  of 
using  degraded  Nitronic  40  for  cryogenic  wind  tunnel  models  are 
discussed,  together  with  possible  acceptance  criteria.  It  is  sug¬ 
gested  that  in  the  future  it  will  be  necessary  to  implement  a  policy  of 
purchasing  top  quality  materials  for  cryogenic  wind  tunnel  models. 
•Department  of  Mechanical  Engineering,  The  University,  Southamp¬ 
ton  S09  5NH.  Hampshire.  U  K 
Contract  NASI -16000 

272  AGARD  Fluid  Dynamics  Panel  WlndtunneJCapabWty  Rotated 
to  Test  Sections,  Cryogenics,  and  Computer- WlndtunrwH  Integra¬ 
tion.  Apr.  1982 

Introduction  —  Dietz,  R.O  ’ 

Appendix  1  —  Binion.  T.  W..  Jr.*;  Chevallier,  J.  P.1;  and  Laster,  M.  L.4 
(editor):  Report  of  the  Conveners'  Group  on  Transonic  Test  Sections. 
Appendix  2  —  McKinney.  L.  W.5;  North.  R.  J.#;  and  Polhamus,  E.  C.T 
(editor).  Report  of  the  Conveners'  Group  on  Cryogenic  Teat 
Technology. 

Appendix  3  —  Firmm,  M  C.  P  •;  Potter.  J  L*.  and  Green,  J.  E.*  (editor): 


Report  of  the  Conveners'  Group  on  Integration  of  Computers  and 
Wind  Tunnel  Testing.  AGARD-AR-1 74,  Apr  1982  64  pp 

ISBN-92-835- 1420-3  N82-29334# 

The  Advisory  Report  includes  the  results  of  six  meetings  spon¬ 
sored  by  the  Fluid  Dynamics  Panel  and  conclusions  drawn  from  the 
reports  prepared  by  the  meeting  chairmen  In  each  of  the  three 
subject  areas,  meetings  were  convened  in  the  U  S.  and  Europe,  with 
the  results  being  combined  by  the  chairmen.  Applications  of  the 
technology  discussed  in  this  report  can  afford  large  improvements 
in  wind  tunnel  capability  and  effectiveness. 

’Route  1.  Manchester.  TN  37355 

*Calspan  Field  Services.  Inc.,  Arnold  Air  Force  Station,  TN  37389 
sONERA,  BP  72.  92322  Chatillon  Cedex,  France 
‘Arnold  Engineering  Development  Center,  (A6DC)  Arnold  Air  Force 
Station,  TN  37389 

‘NASA,  Langley  Research  Center.  Hampton.  VA  23665 
•Technical  Group.  ETW,  NLR,  Amsterdam.  The  Netherlands 
7 307  Mistletoe  Drive,  Newport  News.  VA  23606 
•Aerodynamics  Department,  R.A.E.,  Farnborough,  Hampshire  GU14 
6TD,  U.K. 

•Ministry  of  Defence.  1  St.  Giles  High  Street.  London  WC2  LD.  U.K. 

273  •Hornung,  H.;  *Hefer,  G.,  *Krogmann,  P.;  and  “Stanewsky. 
E.  Transsonische  Kryo-messtrecke  fuer  den  Goettinger  Rohrwind- 
kanal  (Transonic  Cryogenic  Teal  Section  for  the  Goettingen  Tube 
Facility.)  DFVLR  Report  No.  IB-222-82  A1 9.  May  3.1962. 1 9  pp.  (For 
an  English  translation,  see  entry  317  m  this  bibliography.) 

The  design  ot  modern  aircraft  requires  the  solution  of  problems 
related  to  transonic  flow  at  high  Reynolds  numbers.  To  investigate 
these  problems  experimentally,  it  is  proposed  to  extend  the  Ludwieg 
tube  facility  in  Goettingen  by  adding  a  transonic  cryogenic  test 
section  After  stating  the  requirements  for  such  a  test  section,  the 
technical  concept  is  briefly  explained  and  a  preliminary  estimate  of 
the  costs  is  given. 

•DFVLR,  Bunsenstrasse  10,  D-3400  Goettingen.  West  Germany 
(FRG) 

274  ‘Young,  C.  P..  Jr.;  and  *Gloss,  B  B.,  compilers;  Cryogenic 
Wind  Tunnel  Models  —  Design  and  Fabrication.  NASA  CP-2262, 
Mar  1 983. 266  pp.  Proceedings  of  a  workshop  held  at  NASA  Langley 
Research  Center.  Hampton,  VA.  on  May  5-9,  1982.  are  presented 

N83- 18748# 

The  principal  motivating  factor  was  the  National  Transonic 
Facility  (NTF).  Since  the  NTF  can  achieve  significantly  higher  Reyn¬ 
olds  numbers  at  transonic  speeds  than  other  wind  tunnels  in  the 
world,  and  will  therefore  occupy  a  unique  position  among  ground 
test  facilities,  every  effort  is  being  made  to  ensure  that  model  design 
and  fabrication  technology  exists  to  allow  researchers  to  take 
advantage  of  this  high  Reynolds  number  capability.  Since  a  great 
deal  of  experience  in  designing  and  fabricating  cryogenic  wind 
tunnel  models  does  not  exist  and  since  the  experience  that  does 
exist  is  scattered  over  a  number  of  organizations,  there  is  a  need  to 
bring  existing  experience  in  these  areas  together  and  share  it  among 
all  intersted  parties.  Representatives  from  government  the  airframe 
industry,  and  universities  are  included.  For  individual  titles,  see 
N83- 18749  through  N83- 18769. 

•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

Overview  of  National  Transonic  Facility  Model  Technology  Pro¬ 
gram.  McKinney.  L.  W..  pp.  1-10. 

Model  Systems  Criteria.  Young,  Clarence  P.,  Jr.,  pp  11-18  N83- 
18749# 
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NTF  User  Operations  Requirements.  Fuller.  Dennis  E  pd  19-30 
N83- 18750# 

Aspects  ot  Fracture  Mechanics  in  Cryogenic  Mode*  Design.  Part  I 

—  Fundamentals  ol  Fracture  Mechanics.  Hudson.  C  Michael  pp 
31-40  N83- 18751# 

Aspects  ot  Fracture  Mechanics  in  Cryogenic  Model  Design.  Part  It 

—  NTF  Materials.  Newman.  J  C .  Jr .  and  usagor.  W  0  pp  4i  46 
N83- 18752# 

Analytical  Methods  with  Application  to  the  Pathfinder  I  Model. 

Hunter  William  f  .  pp  47-62  N83  18753# 

Status  ol  NTF  Models.  Bradshaw  James  F  Status  ot  Maneuverable- 
Fighter  Model  Design  Study.  Gnttm  Stan  A  pp  63  81  N83  18754# 
Lann  Wing  Design.  Firth.  George  C  .  pp  83  85  N83 -18755# 

NTF  Model:  A  New  Breed  Whisier  William  C  .  pp  87  90 

NTF  Model  Concept  lor  the  X-29A.  DaFoi  no  Gianky  and  Toscano. 

Gene  pp  91  124  N83  18756#  (Pi  t>  and  N83  18757#  <Pt  2) 

Cost  Factors  lor  NTF  Models.  Whisier  William  C  p  125 

Engineering  and  Fab.icaUon  Cost  Considerations  tor  Cryogenic 
Wind  Tunnel  Models.  Boykin  Richard  M  Jr  and  Davenport, 
Joseph  B. Jr  pp  1 29  137  N83  18758# 

Dimensional  Stability  Considerations  tor  Cryogenic  Meta’s.  Wigley, 
David,  pp  139-143  N83- 18759# 

Metallic  Alloy  Stability  Studiee.  Firth.  G  rorge  C  pp  145-153  N83- 
18760# 

Metallurgical  Studiee  ol  Nitronic  40  With  Reference  to  its  Use  tor 
Cryogenic  Wind  Tunnel  Models  Wigley  David.  pp  155-176 
N83  18761# 

Cryogenic  Materiele  Selection,  AvaUabfiity.  and  Coat  Considera¬ 
tions.  Rush  Homer  F  pp  177  186  N83- 18762# 

Development  of  Tough.  Strong,  Iron-Base  Alloy  lor  Cryogenic 
Applications.  Stephens  Joseph  R  pp  1 87  199  N83  I87f>3# 

Wire  Electric -Discharge  Machining  and  Other  Fabrication  Tech¬ 
niques.  Morgan  William  H  pp  201  203  N83  18764# 

Surface  Fintsh  Measurement  Studies  Teague  £  Clayton  pp 
205  214  N83  18765# 

Strain  Gage  Balances  and  Buffer  Gages.  Ferns  Alice  T  pp 
215-225  N83-18766# 

Model  Oeformetion  System.  Holmes  Harlan  K  pp  227  232 

N83  18767# 

NTF  Model  Pressure  Measurements.  Kern.  Frederick  A  ,  pp  233-243 
N83  18768# 

Angle  ol  Attach  System.  Fmley  Tom  O  pp  245  256  N83- 18769# 

Panel  Discussion  Synopsis  p  257 

275  •  Wigley  O  A  Metallurgical  Problame  Encountered  with 

Nitronic  40  Stainless  Steel  Intended  lor  the  Fabrication  ol  Aerofoil 
Models  for  Cryogenic  Wind  Tunnels-  International  Cr  ^nemc  Mate¬ 
rials  Conference.  May  tl  14,  1982,  Kobe.  Japan,  pp  25-28 

Nitronic 40. a  2t  chromium  6  nickel -9 manganes«-0 4 nitrogen 
austenitic  stainless  steel,  was  chosen  for  fabricating  aerofoil  models 
♦or  cryogenic  wind  tunnels  due  to  a  combination  ot  its  high  strength 
and  toughness  at  cryogenic  temperatures  and  its  ready  availability 
m  the  required  product  forms  Material  delivered  to  NASA  Langley 
and  to  a  number  ot  other  U  S  Aerospace  Corporations  was.  how¬ 
ever  tound  to  contain  significant  amounts  of  delta  ferrite  and  to  be  m 
a  sensitized  condition  Heat -treatments  earned  out  at  LaRC  to 
remove  residual  stresses  also  caused  further  sensitization  Experi¬ 


ments  showed  that  neat-treatment  Mowed  by  cryoquenchmg 
removed  the  sensitization  without  creating  residual  stresses  Heat- 
treatment  at  temperatures  ot  2200"  F  was  used  to  remove  the  delta 
ternte  but  with  little  success  and  at  the  cost  of  massive  gram  growth 
•Department  ot  Mechanical  Engineering  University  ot  Southamp¬ 
ton  Southampton  U  K 
Contract  NASt  16000 

276  *K*igore  Robert  A  The  Cryogenic  Wind  Tunnel  for  High 

Reynolds  Number  Testing.  Ninth  international  Cryogenic  Engineer 
mg  Conference.  Kobe.  Japan  May  it  14,  1982  pp  389-394 

A82-33317 

An  ,mproved  way  to  increase  the  Reynolds  numbers  capability 
of  wmd  tunnels  has  been  developed  at  the  Langley  Research  Center 
Cooling  the  test  gas  to  cryogenic  temperatures  by  spraying  liquid 
nitrogen  into  the  tunnel  circuit  increases  Reynolds  number  with  no 
increase  in  dynamic  pressure  and  a  reduction  m  drive  power  in 
addition,  the  ability  to  vary  the  tempera'  a  of  the  test  gas  inde¬ 
pendently  of  pressure  and  Mach  number  allows  for  the  first  time  the 
independent  determination  ot  Reynolds  number.  Mach  number  and 
aeroelastic  effects  A  new  tan -driven  transonic  cryogenic  tunnel 
being  built  at  the  Langley  Research  Center  will  provide  an  order 
of  magr  ■'e  increase  m  Reynolds  number  capability  over  existing 
transor  mels  in  the  United  States  when  it  is  completed  later 
this  year 

•NASA.  Langley  Research  Center  Hampton.  VA.  23665 

277  *lto.  Kenkichi.  and  'Safi.  Nobuyoshi  S-Foem  Applied  to 
Cryogenic  Wind  Tunnel.  International  Cryogenic  Materials  Confer 
ence.  Kobe.  Japan.  May  11-14.  1 982.  pp  455  458 

A82  33316 

ishikawajima  Harima  Heavy  industries  Co  Ltd  \%  the  sole 
manufacturer  m  Japan  ot  cryogenic  wmd  tunnels  which  are  tor 
research  in  the  high  Reynolds  number  regions  We  have  built  three 
such  tunnels,  ot  which  special  attention  will  be  directed  to  the  one 
that  we  have  delivered  recently  to  the  University  ot  Tsukubn  as  it 
te  atures  our  own  internal  insulation  that  promises  a  great  saving  uf 
coolant  and  other  advantages  A  special  plastic  toam  tor  cryogenic 
•emperature  called  S-1oam  is  used  as  the  innermost  lining  of  the 
tunnel  body  This  paper  provides  mainly  the  characteristics  of  this 
foam 

•Research  I  a.  ,ute.  ishikawajima  Hanma  Heavy  industries  Co  Ltd 
Tokyo. Japan 

278  'Kilgore.  Robert  A.,  and  •'Dress.  David  A  The  Cryogenic 
Wind  Tunnel  for  High  Reynolds  Number  Testing.  An  informal  lecture 
presented  at  the  National  Aerospace  Laboratory  Chotu.  Tokyo. 
Japan.  May  20.  1982  36  pp 

A82-33320# 

This  informal  lecture  provides  an  overview  ot  the  development 
of  cryogenic  wmd  tunnels  and  their  application  to  high  Reynolds 
number  testing  The  major  portion  is  devoted  to  a  review  of  the 
theory  and  advantages  ot  cryogenic  tunnels  and  a  brief  description 
of  three  of  the  applications  ot  the  cryogenic  tunnel  concept  the 
Low-Speed  Cryogenic  Tunnel  built  at  Langley  m  1972.  the  0  3-m 
Transonic  Cryogenic  Tunnel  built  at  Langley  in  1973.  and  the 
National  Transonic  Facility  (NTF)  presently  under  construction  at 
Langley  and  expected  to  be  in  operation  before  the  end  of  1982 
•NASA,  Langley  Research  Center,  Hampton.  VA,  23665 
••Kentron  International.  Inc  .  Hampton  Technical  Center.  Hampton, 
VA,  23665 


279  *Ray.  E  J  A  Rsvisw  of  Reynolds  Number  Studio*  Con¬ 
ducted  in  the  Langley  0.3-m  Transonic  Cryogenic  Tunnel. 

AlAA/ASME  3rd  Joint  Thermophysics,  Fluids,  Plasma  and  Heat 
Transfer  Conference.  St.  Louis,  Mo.,  June  7-11, 1982  14  pp 
AIAA-82-0941  A82-34007# 

The  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (TCT)  was  first 
placed  m  operation  as  a  pilot  transonic  cryogenic  wind  tunnel  at 
NASA's  Langley  Research  Center  in  1973.  As  a  result  of  its  success¬ 
ful  operation  as  the  world's  first  transonic  cryogenic  pressure  tunnel 
and  its  potential  as  a  powerful  new  research  tool,  the  pilot  tunnel  was 
later  reclassified  as  a  'permanent"  facility  During  the  period  of 
operation  of  the  0.3-m  TCT.  an  emphasis  has  t>een  placed  on  the 
determination  of  Reynolds  number  effects  on  a  wide  variety  of  both 
two-dimensional  and  three-dimensional  configurations  This  paper 
reviews  some  of  the  Reynolds  number  studies  which  have  been 
conducted  in  the  0.3-m  TCT  and  presents  selected  highlights 
obtained  from  these  investigations 
•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

280  *Takasmma.  Kazuaki,  "Sawada.  Hideo.  and  'Aoki.Takeo.  A 
Survey  of  the  Three-Dimensional  High  Reynolds  Number  Transonic 
Wind  Tunnel.  (Koku  Gi|utsu  Kenkyujo  Shiryo).  English  translation  of 
Japanese  report.  NAL-TM-440,  Aug  1981  NASA  TM-76931,  June 
1982  85  pp 

N83- 23324# 

Facilities  for  aerodynamic  testing  of  airplane  models  at  tran¬ 
sonic  speeds  and  high  Reynolds  numbers  are  surveyed.  The  need 
for  high  Reynolds  number  transonic  testing  is  reviewed,  using  some 
experimental  results  Some  new  approaches  to  high  Reynolds 
number  testing,  i  e  the  cryogenic  wind  tunnel,  the  induction  driven 
wind  tunnel,  the  Ludwieg  tube,  the  Evans  clean  tunnel  and  the 
hydraulic  driver  wind  tunnel  are  described  The  level  of  develop¬ 
ment  of  high  Reynolds  number  testing  facilities  in  Japan  is  then 
discussed 

•National  Aerospace  Lab.,  Tokyo,  Japan 
NASA  Contract  NASw-3541 

281  *Hall.  R  M..  "Dotson.  E.  H.;  and  ***Vennemann,  D.  H  : 
Homogeneous  and  Heterogeneous  Condensation  ol  Nitrogen  in 
Transonic  Flow.  Presented  at  the  13th  International  Symposium  on 
Rarefied  Gas  Dynamics.  Novosibirsk,  USSR,  July  5-9, 1982, 12  pp 
(This  paper  was  also  given  as  Paper  #24.  at  the  Cryogenic  Techno¬ 
logy  Review  Meeting  in  Amsterdam,  Sept  15-17, 1982). 

A82-43258# 

Onset  of  both  homogeneous  and  heterogeneous  nucleation  for 
nitrogen  gas  has  been  measured  in  the  Langley  0.3-m  Transonic 
Cryogenic  Tunnel  Homogeneous  nucleation  data  have  been  taken 
using  a  DFVLR  CAST- 10  airfoil  and  are  used  to  evaluate  classical 
liquid  droplet  theory  and  several  proposed  corrections  to  it  A  cor¬ 
rection  tor  differences  in  translational  energy  states  between  the 
droplet  and  the  bulk  liquid  due  to  either  Reiss  (1977)  or  Kikuchi 
(1977)  achieves  good  agreement  between  the  predicted  onset  of 
nucleation  and  the  data.  Good  agreement  is  also  found  using  a 
Tolman  constant  of  0.25*  10'10  m  Onset  ot  heterogeneous  nuclea¬ 
tion  on  preexisting  seed  particles  m  the  ftow  has  also  been  studied, 
and  preliminary  estimates  of  seed  size  and  number  are  0.25*10'*  m 
and  3  0*i0,Jper  kilogram  ot  the  gas  It  is  shown  that  this  preexisting 
seed  population  is  insufficient  to  influence  the  observed  onset  of 
homogeneous  nucleation 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

••The  George  Washington  University.  NASA.  Langley  Research 
Center.  Hampton.  VA.  23665 
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•  *  'DFVLR  Porz-Wahn.  Postlach  90  60  58.  5000  Cologne  90.  West 
Germany  (FRG) 

282  'Wagner.  Bernhard  Estimation  ot  Simulation  Errors  and 
Investigations  of  Operating  Rang#  Extensions  lor  the  European 
Transonic  Windtunnei  (ETW).  Final  Rept,  March  1881.  Rept  no 
BMFT-FB-W-82-003,  July  1982  162  pp  (In  English  ) 


The  influence  of  viscous  effects  m  combination  with  real  gas 
effects  and  heat  transfer  at  not  correctly  cooled  model  surfaces  is 
investigated  with  respect  to  the  simulation  accuracy  in  the  planned 
cryogenic  European  Transonic  Windtunnei  ETW.  Changes  m  sepa¬ 
ration  behavior  and  skin  friction  are  calculated  for  the  transonic 
shock-wave  turbulent  boundary-layer  interaction  by  solving  the  full 
Navier- Stokes  equations  numerically  and  lor  profile  flows  by  use  of 
a  nonadiabatic  boundary-layer  method.  Both  metods  include  a  de¬ 
scription  of  the  real  gas  behavior  by  the  Beattie- Bn dgeman  equa¬ 
tion.  The  results  show  no  considerable  differences  for  the  separa¬ 
tion  behavior  although  always  small  systematic  deviations  in  skin 
friction  occur.  In  particular,  the  9hock  boundary -layer  interaction 
process  does  not  exhibit  a  special  sensitivity.  Two-dimensional 
calculations  presented  tor  inviscid  transonic  flows  with  equilibrium 
condensations  reveal  that  smatf  amounts  of  condensate  are  admis¬ 
sible  withoutaffecting  the  accuracy  of  the  measurements;  deviations 
become  first  visible  for  the  drag  coefficient.  Concerning  the  possible 
operating  range  extensions  for  the  ETW  due  to  the  utilization  of  a 
favorable  supersaturation  effect  the  presently  provided  computer 
program  is  capable  ot  predicting  the  condensation  onset  and  devel  - 
opment  including  real  gas  equations  in  the  flow  calculation  The 
program  has  been  verified  by  application  to  hypersonic  nitrogen  lets 
with  condensation  corresponding  to  ETW  stagnation  conditions 
But  experimental  results  obtained  by  duplicating  a  typical  ETW 
streamline  are  still  needed  to  make  the  predictions  fully  reliable 
for  ETW  conditions.  Furthermore,  the  theoretical  results  with  respect 
to  equilibrium  condensation  lead  to  additional  validation  of  the 
streamline  duplication  idea 

•Dormer.  GmbH,  Postfach  1420, 7990  Friedrichshafen  1,  West  Ger¬ 
many  (FRG) 

This  research  was  sponsored  by  the  German  Ministry  of  Research 
and  Technology  under  support  number  LVW  7901  and  by  (he  Tech¬ 
nical  Group  ETW.  Amsterdam,  under  contract  ETW/79/01/ 
68730/143963. 

283  'Wagner.  B  Estimation  of  Simulation  Errors  in  the  Euro¬ 
pean  Transonic  Windtunnei  (ETW).  Presented  at  the  1 3th  Council  of 
the  Aeronautical  Sciences,  and  m  Proceedings  of  AIAA  Aircraft 
Systems  and  Technology  Conference.  Seattle,  Wash..  August 
22-27.  1982.  vol.  1 .  pp  731  -740. 

ICAS-82-543  A82-40950# 

Simulation  errors  in  cryogenic  wind  tunnels  caused  by  real  gas 
effects,  changes  in  viscosity  and  heat  conductivity  characteristics  at 
low  temperatures,  heat  transfer,  and  local  condensation  are  esti¬ 
mated  theoretically  For  this  purpose  viscous  effects  and  heat 
transfer  influences  >n  transonic  high  Reynolds  number  turbulent 
flows  are  calculated  by  solving  numerically  the  full  Navier -Stokes 
equations  tor  shock  wave  boundary  layer  interactions  and  by  calcu¬ 
lating  boundary  layers  on  airfoils,  real  gas  equations  of  state  and 
nonadiabatic  walls  being  included  in  both  procedures  Equilibrium 
condensation  approximating  the  case  of  heterogeneous  nucleation 
is  investigated  in  transonic  airfoil  flows  by  means  of  numerical 
solutions  of  the  full  mviscid  Euler  equations  The  separation  behav¬ 
ior  is  shown  not  to  be  sensitive  to  real  gas  effects  and  small  amounts 
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of  heat  transfer  The  condensation  influence  is  primarily  shown  by  a 
considerable  drag  increase 

'Dormer  GmbH.  Posttach  1420.  0-7990  Fnedrichshafen  1.  West 
Germany  (FRG) 

This  research  was  sponsored  by  the  German  Ministry  ot  Research 
and  Technology  under  support  number  LVW  7901  and  by  the  Tech¬ 
nical  Group  ETW.  Amsterdam,  under  contract  ETW/ 79/01 
68730/143963 

264  'Gobert,  J  L  ,  and  'Mignosi.  A  Studies  on  the  Cryogenic 
Induction  Driven  Wind-Tunnei  T2.  Paper  no  t  at  the  ETW  Cryogenic 
Technology  Review  Meeting.  NLR-Amsterdam,  Sept  15-17,  1982 
19  pp. 

N83-28004# 

The  transonic  induction  driven  wind-tunnel  T2.  with  a  testing 
section  ot  38*40  cm2  pressurized  up  to  6  bars  was  transformed  into  a 
cryogenic  system  in  1981  The  airflow  cooling  is  provided  by  a 
parietal  injection  of  liquid  nitrogen  in  the  wind-tunnel  An  internal 
insulation  preserves  most  ot  the  tunnel  elements  and  works  with 
runs  which  last  up  to  one  minute.  The  method  used  tor  the  run 
starling  and  the  automatic  control  of  the  airflow  parameters  is  de¬ 
scribed  A  simplified  process  model  allows  a  mini -computer  central  - 
izmg  all  useful  data  to  generate  in  real  time  the  commands  to  mitate 
and  stabilize  the  desired  temperature  and  pressure  values  The 
results  defining  the  installation  performances  and  airflow  qualities 
are  presented 

'ONERA/CERT.  BP  4025.  31055  Toulouse  Cedex.  France 

265  'Dubois.  M  Feasibility  Study  On  Strain  Gauge  Balances 
for  Cryogenic  Wind  Tunnefs  at  ONERA.  Paper  no.  2  at  the  ETW 
Cryogenic  Technology  Review  Meeting.  NLR-Amsterdam,  Sept. 
15-17.  1982  ONERA-TP- 1 982-87.  1982.  20  pp 

A83- 14539# 

Ten  dynamometric  test  pieces  and  a  three-component  sting 
balance  were  used  in  a  study  of  cryogenic  wind  tunnel  strain  gauge 
technology,  where  the  test  pieces  were  fabricated  from  different 
materials  and  fitted  with  two  or  three  bridges  composed  of  various 
kinds  of  strain  gauges  The  testing  of  the  pieces  under  bending 
stresses  reached  a  strain  level  of  1  mm/m.  with  cryogenic  chamber 
temperatures  in  the  100-300  K  range  On  the  basis  of  test  results, 
materials  were  selected  for  the  construction  of  the  three-component 
balance,  with  balance  architecture  and  gauge  equipment  designed 
to  reduce  the  influence  of  temperature  variations  to  a  negligible 
level.  The  balance  s  design  allows  it  to  be  fitted  with  controlled 
heating  devices,  and  will  be  calibrated  m  both  cold  and  heated 
versions  prior  to  certification  trials  in  the  ONERA/ CERT  cryogenic 
wind  tunnel. 

'ONERA.  Modane  Test  Center,  Modane.  Savoie.  France 

266  'Francois.  G  Thermal  Behavior  and  Insulation  of  a  Cryo¬ 
genic  Wind  Tunnel.  Paper  no  3  at  the  ETW  Cryogenic  Technology 
Review  Meeting,  NLR-Amsterdam.  Sept.  15-17.  1982.  ONERA-TP- 
1982-89.1982  19.; 

A83- 18427# 

The  thermal  behavior  of  the  structural  elements  of  a  cryogenic 
wind  tunnel  is  examined  along  with  the  effects  of  thermal  insulation 
on  this  behavior  for  the  example  of  the  planned  European  Transonic 
Windtunnel  continuous-flow  device  Time  constants  for  responses 
to  stepwise  variations  in  gas  temperature  are  calculated  for  ele¬ 
ments  located  in  the  gas  flow  itself  (screens  and  corner  turning 
vanes),  walls  exposed  to  the  gas  flow  on  a  single  face,  and  elements 
only  indirectly  subjected  to  gas  flow  temperature  variations  (external 
walls  and  chamber  supports).  The  wide  range  of  time  constants 


obtained  is  noted,  and  consequences  for  the  thermal  stresses  of  the 
structure  are  assessed  The  attenuation  of  structural  temperature 
variations  by  various  types  of  internal  insulation  of  the  walls,  which 
also  allows  more  rapid  changes  m  flow  temperature  and  the  reduc¬ 
tion  of  energy  consumption,  is  then  considered  Possibilities  for  the 
thermal  design  of  elements  in  the  gas  flow,  the  sting  holder,  test 
section  walls  and  wind  tunnel  walls  are  presented 
•ONERA.  BP  72.  92322  Chatillon  Cedex.  France 

287  'Fuijkschot.  P  H  PEANUTS  —  The  PETW  Data  System. 

Paper  no  4  at  the  ETW  Cryogenic  Technology  Review  Meeting. 
NLR-Amsterdam.  Sept  15-17.  1982  NLR  Rept  MAW-82-009-U 
14  pp 

N83-24519# 

PEANUTS  is  centered  around  an  HP-1000  computer  system 
w»th  1 28  k  words  of  RAM  and  20  Mbyte  of  disc  storage.  The  National 
Aerospace  Laboratory  (NLR)  designed  front  end  equipment  includes 
a  digital  10  bus  interface.  16  low  level  channels  using  ’conditioning 
units'  an  operator  control  panel,  a  scanivalve  controller,  and  a  50 
channel  relay  scanner  For  temperature  measurements  v-ith  type-T 
thermocouples  a  high  precision  unit  with  60  Peltier  cooled  ice  point 
reference  junctions  is  available  The  software  for  data  acquisition  is 
a  proven  NlR  package  with  provisions  for  a  monitoring  loop  and  real 
time  display  of  computed  values  Measured  data  are  stored  m  well 
defined  files,  while  the  subsequent  processing  is  primarily  the 
responsibility  of  TG-ETW  (Technical  Group-European  Transonic 
Windtunnel) 

•National  Aerospace  Laboratory.  Anthony  Fokker^eg  2.  1059  CM 
Amsterdam,  The  Netherlands 

288  'Graewe.  E  Development  of  a  Cryogenic  Windtunnel  Bal¬ 
ance.  Paper  no  5.  pt.  1,  at  the  ETW  Cryogenic  Technology  Review 
Meeting,  NLR-Amsterdam.  Sept  15-17,  1982  VFW  Rept  KB-TE1- 
1173  25  pp 

N83-31611# 

The  behavior  of  bending  beams  from  maragmg  steel  equipped 
with  strain  gage  bridges  in  the  cryo-temperature-range  is  consid¬ 
ered  Development  of  an  unheated  six  component  balance  for  the 
use  m  a  cryogenic  wind  tunnel  is  considered 

•Vereimgte  Flugtechmsche  Werke  GmbH,  Bremen.  West  Germany 
(FRG) 

289  'Lorenz -Meyer.  W  Development  of  a  Cryogenic  Wind 
Tunnel  Balance,  Paper  no  5.  part  2.  ETW  Cryogenic  Technology 
Review  Meeting.  NLR-Amsterdam,  Sept  15-17.  1982  17  pp 

N83-25722# 

A  six -component  wind  tunnel  balance  for  cryogenic  application 
was  designed  and  constructed  A  description  is  given  of  the  design 
instrumentation,  and  test  setup 

'DFVLR,  Bunsenstrasse  10.  D-3400  Goettingen.  West  Ger¬ 
many  (FRG) 

290  'Schoenmakers.  T  J  Development  ot  a  Non -Insulated 
Cryogenic  Strain-Gauge  Balance.  Paper  no.  6  at  the  ETW  Cry¬ 
ogenic  Technology  Review  Meeting,  NLR-Amsterdam.  Sept  15-17. 
1982  NLR  Rept  M-TP-82-006-U  26  pp 

N83- 24520# 

Measurement  of  aerodynamic  forces  in  the  European  Tran¬ 
sonic  Windtunnel  (ETW)  is  done  with  strain  gage  balances  The  low 
and  transient  temperatures  m  this  wind  tunnel  necessitate  either 
keeping  the  balances  at  room  temperature  (heating  and  insulation) 
or  developing  special  balances  for  cryogenic  circumstances 
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(nomnsulated)  Experiments  leading  to  the  development  of  a  three 
component  cryogenic  strain  gage  balance  are  reviewed  and  dis¬ 
cussed  briefly 

‘National  Aerospace  Laboratory.  Anthony  Fokkerweg  2.  1059  CM 
Amsterdam,  The  Netherlands 

291  ‘Evans.  J  V  G  An  Alternative  Shape  ol  Strain-Gauged 
Balance  For  Use  in  Wind  Tunnels  at  Low -Temperatures.  Paper  no.  7 
ETW  Cryogenic  Technology  Review  Meeting.  NLR-Amsterdam, 
Sept  15-17,  1982  19  pp 

N83-33124# 

The  search  for  a  shape  ol  one-piece  balance  that  might  be  more 
suitable  than  the  conventional  strain  -gauge  balance  tor  general  use 
m  low -temperature  wind  tunnels  led  to  a  design  with  symmetry  in 
both  the  pitch  and  yaw  planes  and  with  most  of  the  drag  stiffness 
concentrated  at  the  axial  location  Calculations  of  stress  levels  and 
deflection  under  load  showed  this  design  to  have  a  performance 
similar  to  that  of  a  modern  conventional  balance 
‘Elven  Precision  Ltd..  Crawley.  U  K 

292  ‘Law.  R  D.  Early  Experience  In  Using  the  Cryogenic  Test 
Facility  at  RAE  Bedford,  England.  Paper  no  8  at  the  ETW  Cryogenic 
Technology  Review  Meeting.  NLR-Amsterdam.  Sept  15-17,  1982. 
14  pp 

N83-25726# 

A  closed  circuit  test  duct  has  been  constructed  at  RAE  Bedford 
as  part  of  the  United  Kingdom  support  for  the  ETW  program.  The 
maximum  gas  velocity  through  the  0  3-m  square  test  section  is 
25  m/sec.  falling  with  temperature,  and  the  gas  temperature  can  be 
rapidly  reduced  and  controlled  at  any  level  between  ambient  and 
90  K  by  evaporation  of  liquid  nitrogen  A  simple  calibration  device  is 
provided  for  loading  small  wind  tunnel  balances  mounted  in  the  test 
duct  and  some  observations  have  been  made  of  the  behavior  of  a 
3-component  balance  under  transient  temperature  conditions 
•Royal  Aircraft  Establishment.  Bedford  MK41  6AE.  UK. 

293  ‘Bald.  W  B  Temperature  Response  ol  a  Model  to  Set- 
Point  Changes  and  Conditioning  In  ETW.  Paper  no.  9  at  the  ETW 
Cryogenic  Technology  Review  Meeting.  NLR-Amsterdam.  Sept. 
15-17,  1982.  28  pp. 

N83-25721# 

Preliminary  finite  element  thermal  analysis  of  a  model  balance 
sting  arrangement  mounted  in  a  cryogenic  wind  tunnel  concluded 
that  heated  balances  were  unacceptable  if  the  model  surface 
temperature  was  to  satisfy  the  1  percent  adiabatic  wall  temperature 
condition  specified  by  Green  The  results  of  a  more  detailed  finite 
element  thermal  analysis  on  an  assumed  0  6  meter  long  stainless 
steel  delta  w.ng  model  supported  by  an  unheated  balance  sting 
arrangement  and  subjected  to  the  ETW  set- point  changes  and 
temperature  conditioning  specified  are  summarized. 

‘Dept,  of  Engineering  Science.  Parks  Road.  Oxford  University, 
Oxford  0X1  3PJ,  U  K. 

294  ‘Blanchard,  A.,  and  ‘Mignosi.  A  Problems  Involved  by  the 
Instrumentation  and  the  Conception  of  Cryogenic  Tests.  Paper 
no  10.  at  the  ETW  Cryogenic  Technology  Review  Meeting,  NLR- 
Amsterdam,  Sept  15-17, 1982.  14  pp. 

N83-25725# 

The  studies  carried  out  on  small  pressure  transducers  tested  at 
cool  temperature  and  the  development  of  a  probe  which  was  used  in 
T’3  (a  small  cryogenic  transonic  wind  tunnel  driven  with  a  fan)  are 


presented  An  important  point  concerns  the  precooling  of  the  model, 
which  is  necessary  in  order  to  obtain  a  temperature  ratio  Tw/Taw 
near  1  during  a  run  (20  to  40  seconds)  This  precooling  is  planned 
to  be  performed  in  a  cooling  box  beside  thi_  test  section,  therefore, 
the  model  is  introduced  during  the  run  starting  process  To  dis¬ 
tinguish  the  effects  due  to  the  increase  of  Reynolds  number,  from 
those  of  specious  conditions,  the  influence  of  various  p<  rameters 
must  be  discerned 

‘ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex,  France 

295  *  Pact .  P  Practical  Problems  of  Design  and  Manufacture  of 
a  2-0  Model  end  of  the  Device  For  its  Cooling  and  introduction  Into 
ths  T2  Pressurized  Cryogenic  Intermittent  Tunnel.  Paper  no  1 1 .  at 
the  ETW  Cryogenic  Technology  Review  Meeting.  NLR-Amsterdam, 
Sept  15-17,  1982  ONERA-TP-1982-88,  1982  24  pp. 

A83- 14540# 

A  description  is  given  of  the  design,  fabrication,  and  operational 
problems  which  have  been  surmounted  during  the  development  of 
two-dimensional  precooled  models  for  use  by  the  ONERA/CERT  T2 
cryogenic  wind  tunnel  at  Toulouse.  France  The  model  must  be  at 
the  tunnel  airflow  temperature  from  the  outset  ol  a  cryogenic  run,  in 
order  to  avoid  thermal  exchanges  through  its  skin  This  cooling  of 
the  mode)  is  accomplished  in  a  separate,  model  precooling  box 
which  is  located  to  the  side  of  the  test  section  A  quick  translation 
device  integral  with  the  precooling  box  is  used  to  insert  the  model 
into  the  test  section,  where  it  is  locked  onto  the  incidence¬ 
determining  apparatus  and  the  desired  pressure  and  speed  are 
adjusted.  Attention  is  given  to  the  special  design  consideration  given 
to  the  requirement  for  an  01 -mm  pressure  tap  diameter  and  the 
effects  ol  thermomechamcal  deformations 

•ONERA,  BP  72.  92322  Chatillon  Cedex.  France 

296  ‘Schachterle,  G..  ‘Ludwieg.  H  .  ‘Stanewsky.  E..  and  “Ray, 
E.  J  Design  and  Construction  ot  Two  Transonic  Airfoil  Mod  via  for 
Testa  In  the  NASA  Langley  0.3-m  TCT.  Paper  no  1 2  at  the  ETW 
Cryogenic  Technology  Review  Meeting,  NLR-Amsterdam.  Sept 
15-17, 1982.  NASA  TM-85325.  1982 

N83-23326# 

As  part  of  a  NASA /DFVLR  cooperation  program  two  transonic 
airfoils  were  tested  in  the  NASA  Langley  0  3-m  T ransonic  Cryogenic 
Tunnel.  Model  design  and  construction  was  carried  out  by  DFVLR. 
The  models  designed  and  constructed  performed  extremely 
well  under  cryogenic  conditions.  Essentially  no  permanent  changes 
in  surface  quality  and  geometric  dimensions  occurred  during  (he 
tests  The  aerodynamic  results  from  the  0.3-m  TCT  tests,  which 
demonstrate  the  large  sensitivity  of  the  airfoil  CAST  10-2/ DOA2  to 
Reynolds  number  changes,  compared  well  with  results  from  other 
facilities  at  ambient  temperatures. 

‘DFVLR,  Bunsenstrasse  10.  D-3400  Goettingen.  West  Ger¬ 
many  (FRG) 

“NASA,  Langley  Research  Center,  Hampton.  VA.  23665 

297  ‘  Zacharias,  A  Parameter  and  Design  Studies  for  the  Use  of 
Wind  Tunnel  Models  In  the  ETW.  Paper  no.  1 3  at  the  ETW  Cryogenic 
Technology  Review  Meeting.  NLR-Amsterdam.  Sept  15-17,  1982. 
Rept.  no.  MB8/FE  123/S/PUB/83.  13  pp. 

N83-24518# 

The  boundary  conditions  and  the  design  criteria  tor  cryogenic 
wind  tunnel  models  were  analyzed  fora  Tornado  model  in  terms  ot 
their  experimental  and  design  problems.  Some  fundamental  rela¬ 
tionships  concerning  fluid  mechanics  for  cryogenic  wind  tunnels,  as 


r 


i 


f  • 


1 


i 


-  iw— 


H  4S 


well  as  several  experimental  and  model  related  considerations, 
were  summarized  as  formulae 

‘Messerschmitt-Boeikow  Biohm  GmbH.  Munich,  West  Germany 
(FRG) 

298  *  Bazin.  M  Sting  Line  Feasibility  tor  Force  Measurements  In 

the  European  Wind  Tunnel.  Paper  no  14  at  the  ETW  Cryogenic 
Technology  Review  Meeting.  NLR- Amsterdam,  Sept  15  17,  1982 
ONERA-TP-1982-90.  1982  20  pp 

A83-145418 

Apparent  contradictions  among  published  results  concerning 
stagnation  pressure  (imitations  in  model  supports  tor  the  European 
Transonic  Wmdtunnel  (ETW)  have  prompted  the  present  parametric 
analysis  to  ensure  that  the  sting  line  mounting  ot  the  models  and 
accurate  force  measurements  will  be  possible  at  high  pressure 
levels  and  transonic  speeds  The  modelling  technique  employed  in 
the  analysis  uses  base  diameter  and  aspect  ratio  as  parameters  and 
makes  possible  a  representation  ot  numerous  sting  lines  with  two 
types  ot  balances  The  pressure  limitations  identified  are  due  to 
balance  capacities,  strains,  static  divergence  risk,  and  model  base 
gap  These  have  been  calculated  for  the  cases  of  the  Airbus  airliner 
and  Mirage  2000  fighter  aircraft,  at  a  scale  that  is  well  adapted  to  the 
ETW  test  section  A  dimensional  analysis  makes  possible  the  use  of 
these  results  for  every  homothetical  geometry 

•ONERA.  BP  72.  92322  Chatillon  Cedex.  France 

299  ‘Hoeniinger.  H.  and  ‘Mussmann.  0  Some  Aspect*  of 
Aeroetosttc  Models  tor  Cryogenic  Wind  Tunnels.  Paper  no  1 6  at  the 

ETW  Cryogenic  Technology  Review  Meeting,  NLR-Am$terdam. 
Sept  15-17,  1982  Rept.no  MBB/FE294/S/PUB/80  28  pp 

X83- 74856  (NASA  onlyi 
•Messerschmitt-Boelkow-Blohm  GmbH.  Ottobrunn.  West  Germany 
(FRG) 

300  'Schimanski.  0.:  Investigation*  and  Ta«ta  of  Mechanisms 
(or  Wind  Tunnel  Modeis  Under  Cryogenic  Test  Conditions.  Paper 
no  17  at  the  ETW  Cryogenic  Technology  Review  Meeting.  NLR- 
Amsterdam.  Sept  15-17, 1982.  Rept  no  M/FE125/S/PUB/ 78  and 
DCAF  F070087  28  pp. 

X83-74560(US  Govt  agencies  only) 

‘Messerschmitt-Boelkow-Blohm  GmbH.  Munich.  West  Germany 
(FRG) 

301  'Petitmot.  J  L ,  and  *Oupriez,  F  Materials  and  Modelling 
Technology  for  Cryogenic  Environment.  Paper  no  18  at  the  ETW 
Cryogenic  Technology  Review  Meeting.  NLR -Amsterdam,  Sept 
15  17,  1982  41  pp 

N83 -257238 

Construction  ot  a  model  and  its  support  tor  use  in  a  cryogenic 
wmd  tunnel  induces  the  following  problems  relative  to  the  choice  of 
materials  for  the  different  model  parts,  lifting  areas,  fuselage,  bal¬ 
ance  and  sting  (me.  construction  techniques,  depending  on  the  aim 
of  the  tests  to  be  done,  joints  between  mode)  and  ns  support,  joints 
between  model  support  and  wind  tunnel  structure  and  isolated  or 
non- isolated  onboard  instrumentation  According  to  type  of  tests, 
solicitations  on  the  model  in  the  test  section  will  be  very  variable  For 
static  tests,  aimed  at  the  determination  of  aerodynamic  coefficients, 
maximum  stress  levels  were  fixed,  with  the  agreement  of  air  frame 
designers,  to  400  MPa  tor  civil  and  800  MPa  for  fighter  models  A 
dynamic  stress  is  added  to  the  static  one  whose  value  is  of  the  order 
of  20  percent  of  the  static  stress  The  frequency  range  lies  beyond  30 
to  50  Hz  As  an  example  for  a  Mirage  delta  2000  classic  '4  scale 


model,  first  wing  tlexure  mode  is  about  100  Hz  At  this  level,  the 
balance  stillness  ettect  becomes  preponderant  and  the  first  fre¬ 
quencies  met  m  the  wind  tunnel  are  those  of  the  rigid  modes  of  the 
model  on  its  support 

•institut  de  Mecanique  des  Fluides  de  Lille,  5  Bid  Paul  PAiNLEVE, 
59000  Lille,  France 

302  *  Luck.  S  Experimental  Tests  on  Accelerometers  and  Pres¬ 
sure  Transducers  tor  Cryogenic  Wind-Tunnef  Models.  Paper  no  20 

at  the  ETW  Cryogenic  Technology  Review  Meeting.  NLR- 
Amsterdam.  Sept  15-17  1982  Rept  no  M/FE123/S/PUB/77 
22  pp 

N83-24517# 

The  function  of  accelerometers  and  pressure  transducers  in 
simulated  conditions  was  shown,  and  demonstration  of  probes 
which  might  be  used  was  given 

•  Messerschmitt-Boeikow -Blohm  GmbH.  Munich.  West  Ger¬ 
many  (FRG) 

303  ‘Wagner  Bernhard  Estimation  of  Simulation  Errors  in  the 
European  Transonic  Windtunnef  (ETW).  Paper  no  21  at  the  ETW 
Cryogenic  Technology  Review  Meeting.  NLR -Amsterdam.  Sept 
15  17.  1982  10  pp 

Note  For  another  presentation  with  the  identical  title  and  an 
abstract,  see  entry  283  m  this  bibliography 

•Dormer  GmbH.  Posttach  1420,  D-7990  Friednchshafen  1.  West 
Germany  (FRG) 

This  research  was  sponsored  by  the  German  Ministry  of  Research 
and  Technology  under  support  number  LVW  7901  and  by  the  T ech  - 
meal  Group  ETW.  Amsterdam,  under  contract  ETW  /  79/01  / 68730 / 1 43963 

304  *Dueker  M  Condensation  Studies  in  Cryogenic  Nitrogen 
Expansions.  Paper  no  22  at  the  ETW  Cryogenic  Technology  Review 
Meeting.  NLR-Amsterdam.  Sept  15-17,  1982.  14  pp. 

N83- 25720# 

The  Reynolds  number  range  of  wind  tunnels  is  extended  to 
higher  values  when  the  wind  tunnel  operates  under  cryogenic  con¬ 
ditions  With  a  stagnation  temperature  chosen  too  low.  the  gas  may 
expand  into  its  liquid  or  solid  phase  reg  ->n,  which  will  cause  con¬ 
densation  effects  Avoiding  impurities  in  the  streaming  medium, 
heterogeneous  condensation  is  prevented,  t’  *t  in  an  isentropic 
expansion,  far  enough  into  the  liquid  or  solid  phase  region,  homo¬ 
geneous  condensation  will  occur  The  determination  ot  condensa¬ 
tion  onset  points  in  isentropic  expansions  around  realistic  airfoils  is 
tested  in  the  European  Transonic  Windtunnef  (ETW).  Real  gas 
effects  in  cryogenic  flows  are  not  described 

‘OFVLR,  Bunsenstrasse  10.  0-3400  Goettingen.  West  Ger¬ 
many  (FRG) 

305  *Viehweger.  G  The  Cryogenic  Wind  Tunnef  Cologne. 
Paper  no  23  at  the  ETW  Cryogenic  Technology  Review  Meeting. 
NLR-Amsterdam.  Sept.  15-17,  1982  21  pp. 

N83-25724# 

The  low  speed  wind  tunnel  m  its  original  conception  had  a 
closed  circuit  and  art  open  test  section  with  a  cross  sectional  area  of 
about  7  m*  After  the  cryogenic  modification  the  tunnel  has  an 
internal  insulation  and  a  closed  test  section  of  2  4  m  x  2  4  m  The 
gas  temperature  is  varied  between  300  K  and  100  K  by  injecting 
liquid  nitrogen  The  velocity  is  in  the  range  of  about  5  m/3  to  100 
m/s.  depending  on  the  actual  temperature.  By  cooling  down  the 
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tunnel,  the  maximum  Reynolds  number  is  increased  to  more  than  8 
million 

*DFVLR  Porz-Wahn.  Postfacb  90  60  58,  5000  Cologne  90.  West 
Germany  (FRG) 

30ft  •Hall,  R  M  ;  * 'Dotson.  E.  H  and  •••Vennemann,  D  H 
Homogeneous  and  Heterogeneous  Condensation  of  Nitrogen  in 
Transonic  Flow.  Paper  no  24  at  the  ETW  Cryogenic  Technology 
Review  Meeting.  NLR-Amsterdam.  Sept  15-1 7.  1 982 

A82-43258# 

For  a  previous  presentation  of  this  paper  and  an  abstract  see 
entry  281  in  this  bibliography 

•NASA.  Langley  Research  Center,  Hampton,  VA.  23665 

••The  George  Washington  University.  NASA,  Langley  Research 
Center.  Hampton.  VA.  23665 

•••DFVLR  Porz-Wahn,  Postfach  90  60  58.  5000  Cologne  90.  West 
Germany  (FRG) 

307  *Singh.  J.  J„  *Marple.  C.  G..  and  *  Davis.  W  T  :  Characteriza¬ 
tion  ol  Particles  In  the  Langley  0.3-Meter  Transonic  Tunnel  Using 
Hot  Wire  Anemometry.  NASA  TM-84551,  Sept.  1982  18  pp 

N83- 10407# 

Hot  wire  anemometry  was  used  to  identity  the  nature  of  particles 
reportedly  observed  during  free  stream  velocity  measurements  in 
the  Langley  0.3-m  Transonic  Cryogenic  Tunnel  using  a  Laser 
Doppler  Velocimeter  Since  the  heat-transfer  process  from  the  not 
wire  depends  on  the  thermal  conductivity  and  sticking  capability  of 
the  particles,  it  was  anticipated  that  the  hot  wire  anemometer 
response  would  be  affected  differently  upon  impaction  by  liquid 
droplets  and  solid  aerosols  in  the  test  gas  stream  Based  on  the 
measured  time  response  of  the  hot  wire  anemometer  in  the  cryo¬ 
genic  tunnel  operated  in  the  0.3-0.8  Mach  number  range,  it  is  con¬ 
cluded  that  the  particles  impacting  the  hot  wire  are  liquid  in  nature 
rather  than  solid  aerosols.  It  is  further  surmised  that  the  liquid  aero¬ 
sols  are  unevaporated  liquid  nitrogen  droplets  used  for  cooling  the 
tunnel  test  gas. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

306  ‘Thibodeaux.  Jerry  J..  Sensitivity  Analysis  of  Cool-Down 
Strategies  for  a  Transonic  Cryogenic  Wind  Tunnel,  NASA  TM- 
84527.  Sept  1982  29  pp 

N83- 10082# 

Guidelines  and  suggestions  substantiated  by  real-time  simula¬ 
tion  data  to  ensure  optimum  time  and  energy  use  of  injected  liquid 
nitrogen  tor  cooling  the  Langley  0.3-m  T ransonic  Cryogenic  Tunnel 
(TCT)  are  presented.  It  is  directed  toward  enabling  operators  and 
researchers  to  become  cognizant  of  criteria  for  using  the  0.3-m  T CT 
in  an  energy-  or  time -efficient  manner.  The  recommendations  made 
herein,  if  followed,  will  result  in  minimum  time  and  liquid-nitrogen 
usage  during  tunnel  cool-down.  These  operational  recom¬ 
mendations  have  been  developed  based  on  information  collected 
from  a  validated  simulator  of  the  0.3-m  TCT  and  experimental  data 
from  the  tunnel.  Results  and  trends,  however,  can  be  extrapolated  to 
other  similarly  constructed  cryogenic  wind  tunnels. 

•NASA.  Langley  Research  Center.  Hampton,  VA,  23665 

309  *Wigley.  D  A.:  The  Problem  of  Dimensional  Instability  In 
Airfoil  Models  tor  Cryogenic  Wind  T unnets.  NASA  CR- 1 66003.  Sept 
1982  25  pp 

N83- 13229* 


The  problem  of  dimensional  instability  in  airfoil  models  for  cry¬ 
ogenic  wind  tunnels  is  discussed  m  terms  of  the  various  mech¬ 
anisms  that  can  be  responsible  The  interrelationship  between 
metallurgical  structure  and  possible  dimensional  instability  in  cryo¬ 
genic  usage  is  discussed  for  those  steel  alloys  of  most  interest  for 
wind  tunnel  model  construction  at  this  time  Other  basic  mechan¬ 
isms  responsible  for  setting  up  residual  stress  systems  are  dis¬ 
cussed.  together  with  ways  m  which  their  magnitude  may  be 
reduced  by  various  elevated  or  low  temperature  thermal  cycles  A 
standard  specimen  configuration  is  proposed  for  use  in  experimen¬ 
tal  investigations  into  the  effects  of  machining,  heat  treatment,  and 
other  variables  that  influence  the  dimensional  stability  of  the  mater¬ 
ials  of  interest.  A  brief  classification  of  various  materials  in  terms  of 
their  metallurgical  structure  and  susceptability  to  dimensional  insta¬ 
bility  is  presented. 

•The  University,  Southampton  S09  5NH.  Hampshire,  U  K 
Contract  NASI  -16000 

310  •Lcistner.  Rudolf;  *Za chanas.  Athanasias.  •Schimanski, 
Dieter;  **Esch.  Peter;  **Joos.  Roland;  and  **Thtel,  Ernstfried 
Design  and  Manufacture  of  a  Transonic  Windtunnei  Model  and  the 
Investigation  of  Model  Components  Under  Cryogenic  Flow  Condi¬ 
tions  in  the  European  Transonic  Windtunnei.  Final  Report  Sept., 
1981.  Bundesministerium  fuer  Forschung  und  Technology.  PMFT- 
FB-W-82-015.  Sept  1982  113  pp 

ISSN-01 70-1339  N83- 13078# 

A  Tornado  model  wing  with  high  lift  devices,  which  demon¬ 
strates  that  models  which  exhibit  the  critical  aerodynamic  character¬ 
istics  for  a  design  Reynolds  number  of  40  million  can  be  built  for  the 
European  Transonic  Windtunnei.  is  presented  Stress,  design  life, 
safety  factors,  and  mechanical  and  physical  properties  of  design 
elements  are  discussed  Test  data  for  maragmg  and  austenitic  steel 
elements  are  presented. 

•Messerschmitt-Boelkow-Blohm  GmbH.  Munich.  West  Ger¬ 
many  (FRG) 

••Dornier  GmbH.  Postfach  1420,  D-7990  Frtednchshafen  1.  West 
Germany  (FRG) 

Sponsored  by  Bundesministerium  fuer  Forschung  und  Technology 
(BMFT)  Bonn.  West  Germany 


311  *  Webster.  T.  J..  A  Report  on  Possible  Safety  Hezerds  Asso¬ 

ciated  With  the  Operation  of  the  0.3-m  Transonic  Cryogenic  Tunnel 
at  the  NASA  Langley  Research  Center.  NASA  CR- 166026.  Oct. 
1982  1 1  pp. 

N83-14140# 

The  Langley  0.3-m  Transonic  Cryogenic  Tunnel  (TCT)  was  built 
in  1 973  as  a  facility  intended  to  be  used  for  no  more  than  60  hours  in 
order  to  verify  the  validity  of  the  cryogenic  wind  tunnel  concept  at 
transonic  speeds.  The  role  of  the  0.3-m  TCT  has  gradually  changed 
until  now.  after  over  3000  hours  of  operation,  it  is  classified  as  a 
major  NASA  research  facility  and.  under  the  administration  of  the 
Experimental  Techniques  Branch,  it  is  used  extensively  for  the  test¬ 
ing  of  airfoils  at  high  Reynolds  numbers  and  for  the  development  of 
various  technologies  related  to  the  efficient  operation  and  use  of 
cryogenic  wind  tunnels.  This  report  documents  the  results  of  a 
recent  safety  analysis  of  this  facility.  The  analysis  was  made  as  part 
of  an  ongoing  program  within  the  Experimental  Techniques  Branch 
designed  to  ensure  that  the  existing  equipment  and  current  oper- 
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ating  procedures  of  the  0  3-m  TCT  facility  are  acceptable  in  terms  of 
today's  standards  Of  safety  for  cryogenic  systems 

•Applied  Cryogenics  and  Materials  Consultants,  Basin  Road  Indus¬ 
trial  Center.  P  0  Box  765.  New  Castle.  DE  19720 
NASA  Order  L-44921-B 

312  ‘Burner.  A  W .  and  “Goad.  W  K  Flow  Visualization  in  a 
Cryogenic  Wind  Tunnel  Using  Holography.  NASA  TM-84556.  Nov. 
1982  22  pp 

N83- 12395# 

Results  of  holographic  flow  visualization  are  presented  from 
tests  made  in  the  Langley  0.3-m  T ransontc  Cryogenic  T unnel.  which 
was  operated  over  a  temperature  range  from  100  to  300  K  and  a 
pressure  range  from  1 .1  to  4.0  atm.  Interferometry  at  the  facility  may 
be  of  limited  use  at  the  low -temperature  —  high-pressure  conditions 
because  of  the  jumbled  nature  of  the  reference  fringes  The  sha¬ 
dowgraph  technque  appears  to  be  the  best  means  of  visualizing 
shocks  at  these  nigh-density  conditions.  The  spot  size  at  the  focus  of 
the  reconstructed  beams  was  measured  and  used  as  an  indicator  of 
density  fluctuations  in  the  flow  field.  These  density  fluctuations 
appear  to  be  caused  by  temperature  fluctuations  of  the  test  gas 
which  are  relatively  independent  of  tunnel  conditions. 

•NASA,  Langley  Research  Center.  Hampton.  VA,  23665 

313  ‘Snow.  W  L.  ‘Burner,  A  W.  and  ‘Goad.  W  K  Image 
Degradation  m  Langlay  0. 3-Mater  Transonic  Cryogenic  Tunnel. 
NASA  TM -84550.  Nov,  1982  24  pp 

N83-13419# 

T he  optical  quality  of  gas  m  a  cryogenic  wind  tunnel  was  deter¬ 
mined  by  observing  Sayce  targets  through  different  pathlenc  ths 
of  the  medium  The  data  were  used  to  determine  the  square  » >ve 
response  of  the  test  gas  At  conditions  corresponding  to  15  *  ies 
ambient  density,  considerable  decrease  in  response  to  higher  spa¬ 
tial  frequencies  was  noted  even  in  the  absence  of  flow.  Under  flow 
conditions,  vibrations  further  degraded  the  response  The  results 
are  interpreted  in  terms  of  possible  photogram  metric  approaches  to 
measure  model  deformation  m  large  cryogenic  facilities  such  as  the 
National  Transonic  Facility. 

•NASA.  Langley  Research  Center.  Hampton.  VA.  2366 5 

314  ‘Hoenlmger.  Heinz,  ‘Luck,  Stephan;  and  ‘Schimanski, 
Dieter  Basic  Investigation*  tor  the  Use  of  Wind  Tunnel  Models  in 
the  ETW.  Final  Report,  Sept.  1981.  Bundesministerium  fuer  Fo--- 
schung  und  Technologic,  BMFT-FB-W-82-023,  MBB/FE123/ 
S/STY/0042  Dec  1982  49  pp 

ISSN-0170-1339  N83-24522# 

The  use  of  wind  tunnel  models  at  cryogenic  temperatures 
places  new  demands  on  the  equipment  Instruments,  and  methods 
of  construction  applied  hitherto.  Their  suitability  is  examined  and 
recommendations  are  derived  which  should  be  observed  in  building 
and  instrumenting  wind  tunnel  models  for  cryogenic  testing.  In  addi¬ 
tion,  methods  are  pointed  out  which  allow,  with  some  degree  of 
convenience,  an  economical  test  procedure  suited  to  the  ETW  The 
report  is  divided  into  three  mam  subjects. 

(1)  Instrumentation.  (2)  Mechanisms,  and  (3)  Aeroelastic  Models. 

‘Messerschmitt-Boelkow- Biohm  GmbH.  Ottobrunn,  West  Germany 
(ERG) 

Sponsored  by  Bundesministerium  fuer  Forschung  und  T echnologie 


315  ‘Wagner.  B  Boundary  Layer  Calculations  for  Cryogenic 
Wind  Tunnel  Flows.  Recent  Contributions  to  Fluid  Mechanics. 
Springer- Verlag.  (Berlin).  1982  pp  283-293 

A83-46478 

The  possible  changes  in  the  separation  behavior  of  flows  over 
airfoils  m  a  cryogenic  wind  tunnel  due  to  alterations  m  the  wall 
temperature  from  thermodynamic  gas  effects  and  a  slope  change  of 
the  viscosity  were  investigated  Nitrogen  was  considered  as  the 
working  fluid  and  attention  was  also  given  to  nonadiabatic  effects  of 
walls  without  a  predicted  recovery  temperature  The  theoretical 
analysts  was  used  to  assess  the  effects  of  the  wall  temperature 
changes  and  the  slope  change  on  separation  in  high  Re  transonic 
flows  A  boundary  layer  model  was  developed  which  takes  the 
effects  of  the  nonadiabatic  and  real  gas  effects  into  account. 
Changes  in  the  wall  temperature  of  up  to  20  percent  produced  only 
negligible  changes  in  t‘ie  skin  friction  drag 

•Dormer  GmbH.  Postfach  1420.  0-7990  Friednchshafen  1.  West 
Germany  (FRG) 

Contracts  BMFT-LVW-9901  and  ETWT-79/01  /68730/ 143963 

316  ‘Japan  Steel  Works.  Ltd  9%  Ni  Steel.**  Brochure.  1982 
16  pp 

Contents  Specifications,  manufacturing  practice,  internal 
quality,  mechanical  properties,  susceptibility  to  temper  embrittle¬ 
ment;  fracture  toughness,  manufacturing  experience,  (1)  hollow 
shaft  forging.  (2)  disc  forging,  and  (3)  arc  shape  forging 

•Japan  Steel  Works  America.  Inc  200  Park  Ave..  New  York.  NY 
“This  brochure  describes  the  production  at  Japan  Steel  Works, 
Ltd.,  of  three  of  the  major  components  of  the  U  S  National  T ransomc 
Facility  (NTF).  namely  the  drive  shaft,  the  tan  disc,  and  the  angle-of- 
attack  arc  sector 

317  ‘Hornung.  H„  ‘Hefer.  G..  ‘Krogmann,  P„  and  ‘Stanewsky. 
E  Transonic  Cryogsnic  Test  Section  tor  the  Goettingen  Tube  Facil¬ 
ity.  NASA  TM-  77050.  Mar  f983  Translation  into  English  of  German 
DFVLR  Rept  no  IB-222-82A19.  May  3.  1982  19  pp 

N84- 16219# 

For  abstract,  see  entry  273  in  this  bibliography 
‘DFVLR.  Bunsenstrasse  10.  0-3400  Goettingen,  West  Germany 
(FRG) 

318  ‘Each  P  ;  and  “Leistner.  R  Studies  Concerning  Model 
Technology  In  the  European  Transonic  Windtunnel  (ETW).  Studien 
zur  modell -technologic  im  ETW  Paper  presented  at  Bundesministe¬ 
rium  fur  Forschung  und  Technologic.  3rd  Status -seminar  uber  Luft- 
tahrtforschung  und  Luftfahrttechnologie  Hamburg. 
West  Germany.  May  2-4,  1983  42  pp  (In  German.) 

A83-47197# 

Attention  is  given  to  a  model  design  study  to  determine  the 
feasibility  of  a  simulation  of  the  aerodynamic  aircraft  properties  in 
the  transonic  velocity  range  under  the  cryogenic  flow  conditions  of 
the  ETW  The  study  is  concerned  with  general  configuration  consid¬ 
erations  for  current  and  future  aircraft  and  parameter  and  material 
studies  in  addition,  the  practicality  of  simulation  studies  in  the  ETW 
is  investigated  for  the  military  aircraft  Tornado.  A  project  description 
is  provided,  and  test  conditions  in  the  ETW  are  discussed  along  with 
the  model  scale,  the  accuracy  requirements,  the  characteristics  of 
the  employed  models,  recommendations  for  material  selection,  spe- 
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ciat  materials  for  flutter  models,  a  cryogenic  test  chamber,  the  model 
mechanisms,  and  predesign  work  related  to  the  Tornado  model 

"Dormer  GmbH.  Postfach  1420.  D-7990  Fnedrichshaten  1.  West 
Germany  (FRG) 

•"Messerschmitt-Boelkow-Blohm  GmbH,  Munich.  West  Germany 
<FRG} 

319  "Maurer  F  .and  "Viehweger.G  Statusbericht  zum  Europai- 
schen  Transschali  Wmdkanai  und  zum  Kryo-Kanal-Kotn  Status 
Report  on  ths  European  Transonic  Windtunnel  and  on  the  Cologne 
Cryotunnel.  Paper  presented  at  Bundesmimsterium  fur  Forschung 
und  Technologie.  3rd  Statussemmar  uber  Luftfahrtforschung  und 
Luftfahrttechnologie.  Hamburg.  West  Germany.  May  2-4,  1983  42 
pp  On  German.) 

A83-47207# 

Planned  revisions  of  the  design  of  the  European  Transonic 
Wmdtunnel  are  reported,  emphasizing  the  planned  enlargement  of 
the  tunnel  and  the  financing  of  needed  alterations.  The  revisions 
include  the  cancellation  of  an  expensive  pressure  lock  and  possible 
alternatives  involving  compartmentalization  of  the  measurement 
chamber  The  possibility  of  supplementary  internal  insulation  to  deal 
with  fatigue  problems  caused  by  fast  variations  in  temperature  is 
considered  The  energy  requirements  of  various  phases  of  the  proj¬ 
ect.  the  building  costs,  and  the  planned  mean  discharge  plan  are 
discussed 

"DFVLR  Porz-Wahn.  Postfach  90  60  58.  5000  Cologne  90.  West 
Germany  (FRG) 

320  "Ewald, B .and  ""Graewe, E  Entwicklungemer  6-Kompon- 
enten-Waage  fur  den  Kryo-Bereich  Development  of  a  Six- 
Component  Weighing  Device  for  Cryogenic  Applications.  Paper 
presented  at  Bundesmimsterium  fuer  Forschung  und  Technologie. 
3rd  Statusseminar  uber  Luftfahrtforschung  und  luftfahrttechnolo- 
gie.  Hamburg,  West  Germany.  May  2-4. 1983.  33  pp.  (In  German  ) 

A83-47208# 

The  design  and  manufacture  of  an  unheated  6-component  bal  - 
ance  for  the  me ! el  sting  of  a  cryogenic  wind  tunnel  are  discussed 
The  application  requires  a  compact  device  capable  of  bearing  heavy 
loads  and  remaining  accurate  at  temperatures  from  90  to  320  K  The 
device  constructed  used  electron-beam  welded  maraging  steel  for 
the  body.  type-WK  wire  strain  gauges,  and  epoxy-resin  glue  and 
coating  material  Materials  testing  at  different  temperatures  and 
temperature  gradients  is  summarized,  drawings  and  photographs  of 
the  device  are  shown,  and  the  design  of  the  calibration  shell  is 
described  The  errors  in  the  measurement  of  axial  forces  which 
arose  due  to  temperature  gradients  are  corrected  by  means  of 
software,  which  takes  the  measured  temperature  distribution  in  the 
device  into  account,  thus  accounting  for  even  nonlinear  effects. 

•Darmstadt  T echmsche  Hochschuie.  Darmstadt.  West  Ger¬ 
many  (FRG) 

"  *  Vereimgte  Flugtechmsche  Werke  GmbH.  Bremen.  West  Germany 
(FRG) 

321  "Gustafson.  John  C  Control  of  Large  Thermal  Distortions 
in  a  Cryogenic  Wind  Tunnel.  JPL  17th  Aerospace  Mechanisms 
Symposium.  May  1983,  pp  121-142 

N83- 24889# 

The  National  Transonic  Facility  (NTF)  is  a  research  wind  tunnel 
capable  of  operation  at  temperatures  down  to  78K  (160°R)  and 
pressures  up  to  880  kPa  (8  8  atm)  to  achieve  Reynolds  numbers 
approaching  120  million  Wide  temperature  excursions  combined 
with  the  precise  alignment  requirements  of  the  tunnel  aerodynamic 


surfaces  imposed  constraints  on  the  mechanisms  supporting  the 
internal  structures  of  the  tunnel  The  material  selections  suitable  tor 
this  application  were  also  limited  A  general  design  philosophy  of 
utilizing  a  single  fixed  point  tor  each  linear  degree  of  freedom  and 
guiding  the  expansion  as  required  was  adopted  These  support 
systems  allow  thermal  expansion  to  take  place  >n  a  manner  that 
minimizes  the  development  of  thermally  induced  stresses  while 
maintaining  structural  alignment  and  resisting  high  aerodynamic 
loads  Typical  of  the  support  mechanisms  are  the  preload  brackets 
used  m  the  tan  shroud  system  and  the  Watts  linkage  used  to  support 
the  upstream  nacelle  The  design  of  these  mechanisms  along  with 
the  basic  design  requirements  and  the  constraints  imposed  by  the 
tunnel  system  are  discussed 

"NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

322  "Lynch,  F  T  .  "Fancher.  M  F  and  *  "tnger,  G  R  A  Theoret¬ 
ical  and  Experimental  Study  of  Non -Adiabatic  Wall  Effects  on  Tran¬ 
sonic  Shock /Boundary  Layer  Interaction.  Presented  at  the  AIAA 
18th  Thermophysics  Conference.  Montreal.  Canada.  June  1-3. 
1983  40  pp 

AIAA  Paper  83-1421  A83-34901# 

Shock -boundary  layer  interaction  can  have  a  significant  local 
and  global  influence  on  supercritical  transonic  viscous  flow  fields 
Questions  related  to  the  alteration  of  interaction  effects  in  connec¬ 
tion  with  surface  heat  transfer  processes  are  important  in  a  number 
of  contemporary  aerodynamic  problems,  including  the  immersion  of 
models  in  the  low  temperature  nitrogen  flow  of  a  transonic  cryogenic 
wind  tunnel,  cooled  turbine  blades  in  hot  gas  flows,  the  transonic 
supercritical  flow  field  around  the  hot  post-reentry  Space  Shuttle, 
and  aerodynamic  surface  heating  effects  on  the  magnus  moments 
acting  on  supercritical  pro/ectiles  A  study  conducted  by  Inger 
(1976)  suggested  that  even  moderate  nonadiabatic  wall  effects 
could  be  practically  significant  in  the  applications,  in  the  present 
investigation  the  problem  is  more  extensively  studied  for  a  particular 
type  of  aerodynamic  flow  field  Attention  is  given  to  the  two- 
dimensional  nonseparating  transonic  flow  on  a  nonadiabatic  super  - 
critical  airfoil 

"Douglas  Aircraft  Co..  McDonnell  Douglas  Corp  ,  3855  Lakewood 

Blvd  .  Long  Beach.  CA  90846 

""West  Virginia  University,  Morgantown,  WV  26505 

323  "Bald.  W  B  A  Proposed  Method  for  Model  Temperature 
Conditioning  In  Cryogenic  Wind  Tunnefs.  OUEL  Rept  no  1480/83. 
June  1 983  20  pp 

N84- 16224# 

A  technique  for  precooling  models  to  any  desired  temperature 
for  cryogenic  wind  tunnel  tests  is  proposed  The  model  is  placed  in 
an  insulated  box  with  metal  liner  Liquid  nitrogen  is  pumped  into  the 
container  until  the  temperature  is  -406C  The  cavity  around  the 
model  is  filled  with  Freon  12,  giving  a  uniform  model  temperature  of 
-30° C  The  liquid  nitrogen  is  connected  to  an  internal  cooling  loop 
until  the  Freon  12  temperature  near  the  bottom  of  the  chamber 
reaches  the  desired  level  No  model  distortion  due  to  thermal 
stresses  occurs 

"Dept  of  Engineering  Science.  Parks  Road,  Oxford  University,  OX1 
3PJ.  U  K 

Contract  Agreement  no  2057/072-XR/AFRO 

324  "Dor,  J  B.;  "Mignosi,  A.,  and  *Plazanet,  M  :  Qualification  de 
la  Soufflerte  T2  en  Fonctionnement  Cryogenique.  (A)  Champ  Ther- 
mique  —  Etude  prehmmaire  d’une  Maquette  Schematique  (CertHl- 
cation  of  (he  T2  Wind  Tunnel  During  Cryogenic  Operation.  (A) 


Temperature  Distribution  —  Preliminary  Study  ot  •  Schematic 

Mod*/  )  Rept  DERAT  no  24/5006  ON.  Aug  <983  112  pp 
<|n  French). 

This  report  presents  some  results  from  pad  of  the  certification 
tests  of  the  T 2  induction  tunnel  during  cryogenic  operation  Deter  • 
mmation  of  the  transverse  temperature  distribution  in  the  tunnel 
under  cryogenic  test  conditions  is  discussed  Methods  and  instru¬ 
mentation  used  are  described 

•ONERA/CERT.  BP  4025.  31055  Toulouse  Cedex.  France 

325  ‘Hunter.  W  W.  Jr.  ‘Honaker.  W  C  and  ‘Gartrell.  L.  R 
Application  of  Laser  Anemometry  to  Cryogenic  Wind  Tunnels. 

international  Congress  on  Instrumentation  in  Aerospace  Simulation 
Facilities,  ICIASF  '83.  Saint- Louis.  Haut-Rhm.  France.  Sept  20: 1983, 
pp  200-208 

A84- 25226# 

The  installation  and  tests  conducted  with  the  laser  Doppler  and 
transit  anemometer  in  the  Langley  0.3-m  Transonic  Cryogenic  Tun¬ 
nel  are  described  Using  residual  particulates  in  the  flow  field,  a 
senes  of  free  stream  velocity  measurements  were  conducted  which 
agreed  to  within  1  percent  of  predicted  values  for  a  range  of  Mach 
numbers.  0  2  to  0  85.  and  temperatures,  100  to  250  K  Measurements 
about  a  shock  wave  provided  an  estimate  of  scattering  particulate 
size  of  4  microns  or  less.  The  particle  concentration  is  approximately 
3*10J  to  16*10*  per  m3  Necessary  isolation  of  the  plenum  wall 
windows  from  ambient  air  with  slightly  positive  pressure  of  dry 
nitrogen  gas  to  prevent  condensation  on  the  window  surface  was 
achieved  This  was  accomplished  through  the  use  of  large  enclo¬ 
sures  fixed  to  the  tunnel  wall.  A  second  method  used  an  additional 
sheet  of  thin  plate  glass  to  create  the  dry  gas  pocket  next  to  the 
plenum  window  The  installation  ot  a  laser  anemometer  in  t:.e 
National  Transonic  Facility  is  examined  The  laser  transit  anemom¬ 
eter  has  been  tentatively  selected  for  the  initial  entry  because  ot  its 
compact  laser -optics  package 

"NASA,  Langley  Research  Center.  Hampton.  VA.  23665 

326  ‘AGARD:  Wind  Tunnel*  and  Testing  Technique*.  AGARD- 

CP-348,  Fluid  Dynamics  Panel  Symposium  on  Wind  Tunnels  and 
Testing  Techniques.  Cesme,  Turkey,  Sept  26-29,  1983,  514  pp 
ISBN -92-835-0348-1  N84-23564# 

The  design  and  operation  of  cryogenic  wind  tunnels  and  tran¬ 
sonic  facilities  are  discussed  as  well  as  associated  fluid  motion 
problems  Testing  techniques  are  considered  with  emphasis  on 
support  interference,  inlet/engine/afterbodies.  store  separation, 
half  models,  aeroaco ustic  measurements,  and  wind  tunnef- Wight 
data  comparisons 

•AGARD,  7  Rue  Ancelle.  92200  Neuilly-sur -Seine.  France 
Note  Thirty-six  papers  are  contained  in  this  volume  Papers  perti¬ 
nent  to  cryogenic  wind  tunnels  are  listed  separately  below 

327  ‘McKinney.  LW  Operational  Experience  WNh  the  National 
Transonic  Facility.  Paper  no  1  in  AGARD-CP-348.  Wind  Tunnels 
and  Testing  Techniques,  a  symposium  held  at  Cesme.  Turkey,  Sept. 
26-29,  1983  8  pp 

N84- 23565# 

Construction  of  the  National  Transonic  Facility  was  completed 
m  September  1982  The  checkout  of  all  systems  required  about  1 
year  The  facility  operated  to  the  design  point  of  1 20  million  Reynolds 
number  based  on  aO  25-m  chord  at  a  Mach  number  of  10  Perform¬ 
ance  of  all  systems  was  basically  as  expected  Setup  for  the  detailed 


aerodynamic  calibration  begins  late  m  1983.  and  the  calibration  is 
expected  to  be  complete  by  me  last  quarter  o)  1 984 
•NASA,  Langley  Research  Center  Hampton.  VA.  23665 

326  ‘North,  R  J  .  ‘Maurer.  F  .  ‘Pneur,  J  ,  ■Schimanski.  D  .  and 
Tizard,  J  A  The  European  Transonic  Windtunnef  (ETW)  —  Statu* 
Report.  Paper  no  2  in  AGARD-CP-348,  Wind  Tunnels  and  Testing 
Techniques,  a  symposium  held  at  Cesme.  Turkey  .  Sept  26  29  1983 
12  pp 

N84- 23566# 

The  status  of  the  preliminary  design  phase  of  the  European 
Transonic  Windtunnel  project  is  described  The  latest  version  ot  the 
proposed  tunnel  is  given  together  with  some  details  of  its  estimated 
performance  Some  features  of  the  tunnel  which  were  revised  follow¬ 
ing  the  first  preliminary  design  proposals  are  discussed  and  the 
results  of  an  investigation  into  the  expected  future  use  of  the  tunnel 
are  summarized  An  aerodynamic  circuit  test  rig  is  described  along 
with  some  of  the  results  obtained  Information  on  the  pilot  tunnel  is 
included  as  well  as  reference  to  the  supporting  program  on  cryo¬ 
genic  technology 

‘Technical  Group.  ETW.  National  Aerospace  Laboratory.  Anthony 
Fokkerweg  2.  1059  CM  Amsterdam,  The  Netherlands 

329  ‘Mignosi.  A .  and  ‘Dor,  J  B.:  La  Soufflerie  Cryogemque  a 
Parois  Auto-Adaptables  T2  de  I  ONERA/CERT  The  ONERA/CERT 
T2  Cryogenic  Wind  Tunnei  With  Self- Adaptable  Well*.  Paper  no  3 
in  AGARD-CP-348.  Wind  Tunnels  and  Testing  Techniques,  a  sym¬ 
posium  held  at  Cesme,  Turkey.  Sept.  26-29,  1983  12  pp  ONERA- 
TP- 1983-1 1 7.  1983  17  pp.  (In  French.) 

A84-23567# 

A84- 13630# 

The  transonic  induction  driven  wind  tunnel  T2  at  the  ONERA 
Toulouse  Research  Center  is  equipped  with  a  04  m*0  4  m  test 
section  and  is  a  pressurized  closed  circuit  wind  tunnel,  operating  at 
ambmnt  temperature  with  runs  ol  30  to  60  seconds  The  wind  tunnel 
was  adapted  for  cryogenic  operation  using  liquid  nitrogen  as  a 
coolant  and  an  internal  thermal  insulation.  The  mam  characteristics 
of  the  wind  tunnel  at  low  temperature  and  of  the  constituents  used  to 
perform  airfoil  tests  with  adaptive  walls  are  described.  The  flow 
qualities  are  analyzed  through  an  evaluation  of  the  thermal  gra¬ 
dients,  pressure  and  thermal  fluctuations  studies,  and  the  operating 
limit  at  very  low  temperature.  The  effects  of  various  parameters  able 
to  influence  test  results  are  examined,  such  as  boundary  layer  transi¬ 
tion  and  differences  between  wall  temperature  and  adiabatic  wall 
recovery  temperature. 

‘ONERA/CERT.  BP  4025  31055  Toulouse  Cedex.  France 

330  Viehweger.G  The  Cryogenic  Wind  Tunnel  Cologne.  Paper 
no  4  in  AGARD-CP-348.  Wind  Tunnels  and  Testing  Techniques,  a 
symposium  held  at  Cesme.  Turkey.  Sept  26-29,  1983  8  pp 

N84- 23568# 

The  modification  of  a  low-speed  wind  tunnel  to  cryogenic  oper¬ 
ation  is  discussed  The  tunnel,  with  a  test  section  of  2  4  m*2  4  m, 
should  be  operational  in  the  middle  of  1984  The  technical  concept 
of  the  tunnel  is  examined  and  some  of  the  most  important  com¬ 
ponents  are  described 

‘DFVLR  Porz-Wahn.  Postfach  90  60  58.  5000  Cologne  90,  West 
Germany  (FRG) 

331  ‘Chauvel.  Dominique;  and  “Dujarric.  Christian  Produc¬ 
tion  d  une  Rafale  Cryogemque  dans  une  Soufflerie  de  Type  Eiffel 
Atmospherique  a  Rafale  Courfe  Producing  a  Cryogenic  Gust  in  an 


i 


Eiftel  Type  Atmospheric  Wind  Tunnel  With  Short  Gust.  Paper  no  5 

,n  AGARD-CP-348.  Wind  Tunnels  and  Testing  Techniques,  a  sym¬ 
posium  held  at  Cesme.  Turkey.  Sept  26  29. 1983  I7pp  (In  French  | 

N84- 23569# 

Oenionstrations  of  the  feasibility  of  an  Eiffel -type  cryogenic 
atmosphpnc  wind  tunnel  with  short  gusts  and  of  the  economy  ot 
operation  of  such  a  concept  requires  prior  resolution  of  certain 
specific  tecnmcai  problems  found  »n  this  type  wind  tunnel  The 
technique  for  generating  cryogenic  gaseous  flow  by  atomizing 
■quid  nitrogen  m  air  at  the  level  of  the  plenum  chamber  is  described 
as  well  as  the  chronological  feeding  out  of  a  cryogenic  gust  Theor et 
■cal  and  experimental  studies  are  developed  for  optimizing  the 
evaporation  of  liquid  nitrogen  in  the  plenum  chamber  of  a  wind 
tunnel  The  results  of  measuring  the  gram  size  of  drops  of  liquid 
nitrogen  are  compared  with  a  computation  model  which  correctly 
represents  the  real  behavior  of  the  aerosol 

'institul  Aerotechmque  de  Samt-Cyr.  15  rue  Marat.  78210  Samt- 
Cyr  l'Ecole,  France 

•  ’Service  Technique  des  Programmes  Aeronautiques.  4  avenue  de 
ia  Porte  d  lssy.  75015  Pans,  France 

332  ‘Wagner.  Bernhard,  and  ’Doker.  Michael  Prediction  of 
Condensation  Onset  and  Growth  in  the  European  Transonic  Wind- 
tunnel  (ETW).  Paper  no  13  in  AGARD-CP-348.  Wind  Tunnels  and 
Testing  Techniques,  a  symposium  held  at  Cesme.  Turkey.  Sept 
26  29  1983  11  pp 

N84-23578# 

Experimental  and  theoretical  investigations  were  carried  out  to 
allow  reliable  prediction  of  condensation  onset  and  growth  in  cryo¬ 
genic  wind  tunnels  The  idea  of  streamline  duplication  was  used  in 
the  experiments  in  order  to  simulate  European  T ransomc  Windtun- 
nei  (ETW)  streamlines  in  an  experimental  facility  of  small  cross 
section  but  with  real  ETW  length  scale  Classical  nucleation  theory 
was  used  lor  developing  computer  programs  which  can  predict 
condensation  processes  m  one-dimensional  flow  including  real  gas 
effects  Experiments  and  calculations  show  satisfactory  agreement 
and  confirm  the  possibility  ot  an  operating  range  extension  for  the 
ETW  The  results  provide  some  new  data  with  respect  to  those  cases 
where  the  condensate  consists  of  solid  particles. 

•Dornier  GmbH.  Postfach  1420,  D-7990  Friedrichshafen  1,  West 
Germany  (FRG) 

“DFVLR.  Bunsenstrasse  10.  D-3400  Goettingen.  West  Germany 
(FRG) 

333  ’Lynch,  F  T.  ’Fancher.  M  F.  ’Patel.  D  R.  and  ’’Inger. 
G  R  Nonadiabatlc  Model  Wall  Effects  on  Transonic  Airfoil  Perfor¬ 
mance  In  a  Cryogenic  Wind  Tunnel.  Paper  no  14  in  AGARD-CP- 
348.  Wind  Tunnels  and  Testing  Techniques,  a  symposium  held  at 
Cesme.  Turkey.  Sept  26-29,  1983.  11  pp 

N84- 23579# 

The  need  to  match  the  aircraft  surface  thermal  conditions  that 
exist  at  in-flight  conditions  when  testing  models  in  a  cryogenic  wind 
tunnel  is  addressed  Effects  of  nonrepresentative  heat  transfer  are 
reviewed  for  such  basic  viscous  characteristics  as  the  effect  on 
boundary -layer  transition  location,  the  effects  on  turbulent  boundary- 
layer  integral  parameters  and  skin  friction,  the  effect  on  the  transonic 
turbulent  boundary -layer -shock -wave  interaction,  and  the  effects 
on  separation  onset  and  the  extent  of  separated  flow  regions  A 
complementary  experimental  and  computational  investigation  was 
conducted  m  order  to  help  quantity  the  impact  that  nonadiabatic 
model  wall  conditions  would  have  on  the  measured  aerodynamic 
characteristics  of  transport  (and  other)  airplane  configurations 


tested  in  a  cryogenic  wind  tunnel,  and  to  help  establish  the  allowable 
deviation  from  adiabatic  wall  conditions  that  can  be 
tolerated  if  reliable  results  are  to  be  obtained  Test  results  are 
presented  which  illustrate  the  large  impact  of  moderate  amounts 
of  heat  transfer  on  the  lift  and  drag  characteristics  for  both 
tree-transition  flow  in  the  absence  of  any  shock  waves  and  for 
typical  cruise  conditions  with  moderate  strength  shocks  on  the 
airtoii  In  addition,  test  results  are  shown  which  illustrate  a  very  large 
effect  of  heat  transfer  on  buffet  onset  conditions  and  conditions  near 
maximum  lift 

‘Douglas  Aircraft  Co,  McDonnell  Douglas  Corp .  3855  Lakewood 
Bivd  .  Long  Beach.  CA  90846 

“West  Virginia  University.  Morgantown.  WV  26505 

334  ’Griffin.  Stanley  A  ,  ’McClain,  A  A.,  and  “Madsen,  A  P 
Design  of  Advanced  Technology  Manuevering  Aircraft  Models  for 
the  National  Transonic  Facility.  Paper  no  25  in  AGARD-CP-348. 
Wind  Tunnels  and  Testing  Techi.iques, a  symposium  held  at  Cesme, 
Turkey.  Sept  26-29.  1983  15pp 

N84-23590# 

The  need  for  a  large  high-Reynolds-number  transonic  wind 
tunnel  which  will  provide  a  tool  to  study  phenomena  sensitive  to 
Reynolds  number  is  discussed  The  National  Transonic  Facility 
(NTF)  is  m  the  calibration  phase  and  has  the  desired  capability.  Its 
usefulness,  however,  will  be  influenced  by  the  ability  of  industry  to 
develop  model  systems  capable  of  withstanding  the  severe  oper¬ 
ating  environment  of  the  facility  so  necessary  to  achieve  full-scale 
Reynolds  number  without  degradation  of  accuracy  and  at  reason¬ 
able  cost.  The  feasibility  of  designing  models  of  advanced  aero¬ 
dynamic  technology  maneuvering  aircraft  and  to  achieve  full  scale 
Reynolds  number  for  each  configuration  in  the  NTF  are  determined 
It  is  concluded  that  the  facility  does  offer  the  potential  for  making 
tunnel  to  full  scale  data  correlations  for  this  type  of  aircraft 
configuration 

’General  Dynamics,  Corp  ;  Convair  Division  P  O  Box  85377,  San 
Diego.  CA.  92138 

“General  Dynamics  Corp  .  Fort  Worth  Division.  P  O  Box  748,  Fort 
Worth.  TX.  76101 

335  *  Dotson,  Ed  ward  H  Homogeneous  Nucleation  and  Droplet 
Growth  in  Nitrogen.  M  S  Thesis.  George  Washington  University, 
Joint  Institute  for  Advancement  of  Flight  Sciences.  Sept  1 983,  NASA 
CR- 172206  88  pp 

N83-34231# 

A  one-dimensionai  computer  model  of  the  homogeneous 
nucleation  process  and  growth  of  condensate  for  nitrogen  flows 
over  airfoils  is  developed  to  predict  the  onset  ot  condensation  and 
thus  to  be  able  to  take  advantage  of  as  much  of  Reynolds  number 
capability  of  cryogenic  tunnels  as  possible.  Homogenous  nuclea¬ 
tion  data  have  been  taken  using  a  DFVLR  CAST-10  airfoil  m  the 
Langley  0.3-m  Transonic  Cryogenic  Tunnel  and  are  used  to  evalu¬ 
ate  the  classical  liquid  droplet  theory  and  several  proposed  correc¬ 
tions  to  it.  For  predicting  liquid  nitrogen  condensation  effects,  use  of 
the  arbitrary  To) man  constant  of  0.25*1 0“’°m  or  the  Reiss  or  Kikuchi 
correction  agrees  with  the  CAST  - 1 0  data  Because  no  solid  nitrogen 
condensation  had  been  found  experimentally  during  the  CAST- 10 
experiments,  earlier  nozzle  data  are  used  to  evaluate  corrections  to 
the  classical  liquid  droplet  theory  in  the  lower  temperature  regime  A 
theoretical  expression  for  the  surface  tension  of  solid  nitrogen  is 
developed 

’The  George  Washington  University.  NASA.  Langley  Research  Cen¬ 
ter,  Hampton.  VA,  23665 
Cooperative  Agreement  NCCl  -44 
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330  *  Tripp,  John  S  Development  ol  a  Distributed-Parameter 

Mathematical  Model  for  Simulation  ot  Cryogenic  Wind  Tunnel*. 

NASA  TP -21 77.  Sept  1983  50  pp 

N83-35736# 

A  one-dimensional  distnbuted-parameter  dynamic  model  of  a 
cryogenic  wind  tunnel  has  been  developed  which  accounts  tor 
internal  and  external  heat  transfer,  viscous  momentum  losses,  and 
slotted-test-section  dynamics.  Boundary  conditions  imposed  by 
liquid-nitrogen  injection,  gas  venting,  and  the  tunnel  fan  have  been 
included.  A  time-dependent  numerical  solution  to  the  resultant  set  of 
partial  differential  equations  has  been  obtained  on  a  CDC  CYBER 
203  vector-processing  digital  computer  at  a  usable  computational 
rate  Preliminary  computational  studies  were  performed  by  using 
pa.  ametersof  the  Langley0.3-m  Transonic  Cryogenic  Tunnel  Stud¬ 
ies  have  been  performed  by  using  parameters  from  the  National 
T ransonic  Facility  (NTF).  The  NTF  wind-tunnel  model  has  been  used 
in  the  design  ot  control  loops  for  Mach  number,  total  temperature, 
and  total  pressure  and  for  determining  interactions  between  the 
control  loops.  It  has  been  employed  in  the  application  of  optimal 
linear-regulator  theory  and  eigenvalue-placement  techniques  to 
develop  Mach  number  control  laws. 

'NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

337  'Dor.  Jean-Bernard,  'Mignosi.  Andre;  and  'Plazanet, 
Michel  (A)  Qualification  de  la  Soufflerie  T2  en  Fonctionement 
Cryogemque  (B).  Fluctuations  de  I'Ecoulement— Detection  et  Quali¬ 
fication  de  Particlues  (A).  Certification  of  the  T2  Wind  Tunnel  Dur¬ 
ing  Cryogenic  Operation.  (B).  Fluctuations  in  the  Flow— Detection 
of  Particle*  In  Cryogenic  Flow  and  Apparatus  Used  for  a  Qualitative 
Study.)  Rapt.  DERAT  no.  25/5006  ON.  Sept.  1983.81  pp.  (In  French.) 

Some  results  are  presented  of  the  certification  tests  of  the  T2 
transonic  induction  tunnel  during  its  operation  at  cryogenic  temper¬ 
atures.  The  first  part  gives  results  concerning  pressure  and  tempera¬ 
ture  in  both  ambient  and  cryogenic  regimes.  The  second  part  shows 
the  phenomena  of  condensation  in  cryogenic  flow  using  an  optical 
system  of  detecting  particles. 

•ONERA/CERT.  BP  4025.  31055  Toulouse  Cedex.  France 

338  'Departmente  d'Etudes  et  de  Recherches  en  Aerothermo- 
dynamique  (D.E.R.A.T.):  Recherches  Effectuees  au  D.E.R.A.T. 
(Octobre  1982  a  Septembre  1983)  Bilan  des  Principaux  Resultats 
Acquis.  (Research  at  D.E.R.A.T.,  Summary  of  Principal  Results 
Obtained.)  Paper  presented  at  the  meeting  of  the  Conseff  d’Orienta- 
tion  (Guidance  Council).  Oct.  17,  1983.  49  pp.  (In  French.) 

The  two  areas  of  activity  discussed  are  (1)  fundamental  studies 
in  viscous  and  turbulent  flow,  and  (2)  experimental  methods  of  test¬ 
ing  in  subsonic-transonic  flow.  Pages  32-41  discuss  the  adaptation 
of  the  T2  tunnel  lor  cryogenic  operation  and  tests  of  the  CAST-7 
airfoil.  A  description  of  the  T3  cryogenic  tunnel  is  then  given. 

*  ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex.  France 

338  'Mignosi,  A.  Cryogenic  Methods  in  Wind  Tunnels.  Paper 
presented  at  the  Association  Aeronautique  et  Astronautique  de 
France.  20th  Colloque  d'Aerodynamique  Appliquee,  Toulouse. 
France.  Nov.  8-10, 1983.  31  pp  (In  French.) 

AAAF  Paper  NT  83-08  A84- 32479 

Current  progress  in  the  application  of  low -temperature  tech¬ 
niques  to  achieve  flightlike  Reynolds  numbers  in  wind  tunnels  is 
surveyed.  The  basic  principles  of  cryogenic  wind  tunnel  operation 
and  the  associated  boundary  layer,  transition,  flow  quality,  and  con¬ 
densation  limit  problems  are  reviewed  The  technology  and  instru¬ 


mentation  employed  in  the  various  facilities  (NTF.  ETW.  KKK.  T2, 
PETW)  are  discussed  and  illustrated  with  diagrams 
'ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex,  France 

340  'Kilgore,  R.  A..  'Dress.  D  A.,  and  'Lawmg,  P  L.  Some  ol 
the  Capacities  and  Desirable  Features  of  an  ‘ideal"  Transonic 
Wind  Tunnel.  NASA  TM-85484,  Nov  1983.  23  pp 

N84-72329 

Personnel  of  the  Experimental  Techniques  Branch  were  asked 
to  make  a  contribution  to  the  definition  of  an  "ideal"  transonic  tunnel 
in  a  survey  being  conducted  under  the  auspices  of  the  Ground 
Testing  Technical  Committee  of  the  American  Institute  of  Aeronau¬ 
tics  and  Astronautics  (AIAA).  The  purpose  of  this  paper  is  to  docu¬ 
ment  the  response  of  the  Branch  to  that  survey.  Based  on  a  large 
n  umber  of  conflicting  requirements,  the  "consensus  ideal"  transonic 
tunnel  would  have  a  2.5  m*2.5  m  test  section,  operate  at  pressures 
from  about  0.5  to  5.0  atm.  temperatures  from  about  77.4  to  340  K.  and 
cover  the  range  of  Mach  numbers  from  about  002  to  1  30.  The 
maximum  Reynolds  number  at  sonic  speeds  would  be  about  5 
million  based  on  a  reference  dimension  of  0.25  m.  Desirable  features 
would  include  a  water-air  heat  exchanger  for  ambient  temperature 
operation,  an  adjustable  second  minimum,  an  adaptive-wall  test 
section  (solid  walls),  and  a  magnetic  suspension  and  balance 
system. 

'NASA.  Langley  Research  Center.  Hampton.  VA.  23665 


341  *  Nelander.  Cud:  A  Quasi-Contlnuous  Transonic  Wind  Tun¬ 
nel  for  Cryogenic  Operation.  ROLLAB-Memo-RM-096.  Nov.  1983 
13  pp 

N84-15161# 

An  alternative  for  driving  a  transonic  or  subsonic  facility  ot 
medium  to  large  size  is  described.  The  principle  is  to  drive  the  tan  in 
a  closed  circuit  tunnel  by  using  an  air  turbine  fed  by  a  high-pressure 
air  storage.  The  temperature  rise  imposed  by  the  fan  will  be  taken 
care  of  by  introducing  the  cold  outlet  air  from  the  turbine  into  the 
tunnel  circuit.  The  same  amount  of  air  will  be  dumped  to  the  atmos¬ 
phere  via  a  heat  exchanger  or  matrix,  thus  cooling  down  fhe  high 
pressure  air.  The  stagnation  enthalpy  in  the  tunnel  will  be  the  same 
as  the  enthalpy  of  the  driving  gas  in  front  of  the  turbine  and  the 
regeneration  ot  the  matrix  accomplished  by  the  temperature  differ¬ 
ence  due  to  the  Joule- Thomson  effect. 

'Aktieboiaget  Rollab.  Jarvstigen  5.  Box  7073.  S- 17107  Solna. 
Sweden 

342  *Portat,  M„  and  *Hehas,  F.  Characterization  ol  Pressure 
Transducers  for  Future  Cryogenic  Wind  Tunnels.  In  ESA -TT-841. 
English  edition  ot  La  Recherche  Aerospatiale.  Bimonthly  Bulletin  no 
1983-6.  Nov.-Dee.,  1983.  pp  35-40. 

N84-25873# 

Operating  cryogenic  wind  tunnels  will  require  measurement 
equipment  adapted  to  the  specific  environmental  conditions.  Among 
other  things,  it  must  be  known  how  the  existing  wind  tunnel  pressure 
transducers  will  behave  m  a  cryogenic  environment.  To  this  end, 
ONERA  has  developed  special  instruments  to  measure  pressure 
transducer  characteristics  accurately  between  300  and  1 20  K.  Static 
tests  carried  out  on  the  Kulite  XCQL  and  ONERA  20H 130  transduc¬ 
ers  show  that  they  are  usable  at  120  K. 

'ONERA.  BP  72.  92322  Chatillon  Cedex.  France 

343  'Boyden,  Richmond  P.;  'Johnson,  William  G ,  Jr.  and 
'Ferris.  Alice  T.  Aerodynamic  Force  Measurements  With  a  Strain- 


I 


I 

I 

1 


H  ^ 


1 


Gag*  Balance  in  a  Cryogenic  Wind  Tunnel.  NASA  TP-2251.  Dec 
1983  42  pp 

N84-13162# 

Aerodynamic  force  measurements  on  a  generalized  75°  delta¬ 
wing  model  with  sharp  leading  edges  have  been  made  with  a  three- 
component  internal  strain -gage  balance  in  a  cryogenic  wind  tunnel 
at  stagnation  temperatures  of  300,  200  and  110  K.  The  feasibility  of 
using  a  strain-gage  balance  without  thermal  control  in  a  cryo¬ 
genic  environment  as  well  as  the  use  of  electrical  resistance  heaters, 
an  insulator  between  the  model  and  the  balance,  and  a  convection 
shield  on  the  balance  was  investigated.  Force  and  moment  data  on 
the  delta-wmg  model  as  measured  by  the  balance  are  compared  at 
the  different  temperatures  while  holding  constant  either  the  Reyn¬ 
olds  number  or  the  tunnel  stagnation  pressure  Tests  were  made  at 
Mach  numbers  of  0.3  and  0  5  and  at  angles  of  attack  up  to  29°  The 
results  indicate  that  it  is  feasible  to  acquire  accurate  force  and 
moment  data  while  operating  at  steady-state  thermal  conditions  in  a 
cryogenic  wind  tunnel,  either  with  or  without  electrical  heaters  on 
the  balance.  Within  the  limits  of  the  balance  accuracy,  there  were  no 
apparent  Reynolds  number  effects  on  the  aerodynamic  results  tor 
the  delta-wmg  model. 

•NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

344  *Klich.  P  J .  and  ‘Cockrell,  C.  E  :  Mechanical  Prop*»ti*a  of 

a  Fiberglass  Prepreg  System  at  Cryogenic  and  Other  Tempera¬ 
tures.  AIAA  Journal,  vol  21 ,  Dec  1983.  pp  1 722-1 728.  Presented  at 
the  AIAA/ASME/ASCE/AHS  23rd  Structures.  Structural  Dynamics, 
and  Materials  Conference.  New  Orleans,  La..  May  10-12, 1982. 
AIAA  Paper  82-0708  A84- 1 3580# 

The  test  results  given  in  this  paper  provide  mechanical  and 
physical  properties  of  an  epoxy  E-glass  system  at  cryogenic  and 
elevated  temperatures.  E-glass  cloth  pre- impregnated  with  an 
epoxy  resin  was  selected  as  the  material  tor  the  tan  blades  in  NASA  s 
new  cryogenic  wind  tunnel,  the  National  Transonic  Facility  (NTF). 
Because  of  the  limited  data  available  on  E-glass  at  cryogenic 
temperatures,  a  comprehensive  testing  program  was  undertaken  at 
the  Langley  Research  Center  to  develop  a  data  base  to  support  the 
design  of  the  NTF  fan  blades.  The  fan  blades  were  constructed  of 
7781  and  7576  style  E-gfass  cloths  with  EF-2  resin.  Tests  were 
conducted  that  completely  characterize  the  strength  and  elastic 
properties  of  laminates  made  of  each  of  the  cloths,  as  well  as  of  a 
laminate  representative  of  the  fan  blade  construction,  at  cryogenic, 
room,  and  elevated  temperatures.  In  addition. to  these  tests,  creep, 
fatigue,  and  thermal  expansion  tests  were  conducted 
•NASA,  Langley  Research  Center.  Hampton.  VA,  23665 

345  *Schoen makers.  T  J„  and  *Ba!jeu,  J.  F.:  Development  of  a 
Non -Insulated  Cryogenic  Strain-Gauge  Balance.  Estimate  of  the 
Accuracy  of  Balance  No.  771  at  Temperature*  Between  90  K  and 

300  K.  NLR-National  Aerospace  Lab.  Amsterdam.  TP -82-005- U, 
1983.  9  pp 

N83-26045# 

The  influence  of  the  combination  of  loads  acting  on  it  the 
temperature,  and  the  temperature  gradients  on  a  three  component 
cryogenic  balance  was  investigated  The  effect  of  combined  loads  is 
determined  at  room  temperature  and  is  taken  into  account  by  means 
of  a  second  order  calibration.  The  temperature  effects  give  rise  to  the 
application  of  four  corrections  on  the  test  data .  The  estimated  accu  - 
racy  of  the  cryogenic  balance  presented  is  the  summation  of  the 
accuracy  with  which  the  corrections  were  determined.  The  mea¬ 
surement  of  aerodynamic  drag  appears  to  be  considerably  less 


accurate  than  the  measurement  of  the  lift  and  pitching  moment, 
mainly  due  to  the  influence  of  temperature  gradients 
'National  Aerospace  Laboratory,  Anthony  Fokkerweg  2.  1059  CM 
Amsterdam.  The  Netherlands 

346  *Hall.  R  M  Pre-Existing  Seed  Particles  and  the  Onset  of 
Condensation  in  Cryogenic  Wind  Tunnels.  Presented  at  the  AIAA 
22nd  Aerospace  Sciences  Meeting.  Reno.  Nevada.  Jan.  9-12, 1984 
9  PP 

AIAA  Paper  84-0244  A84-1 7972# 

The  condensation  research  at  NASA  Langley  Research  Center 
has  used  a  variety  o!  experimental  approaches  to  gather  information 
on  seed  particles  that  can  act  as  sites  for  condensation  growth.  T otal 
pressure  measurements  have  suggested  that  condensation  growth 
is  caused  by  impurities  in  the  flow  and  not  by  unevaporated  liquid 
nitrogen  (LN2)  injected  to  cool  the  0.3-m  Transonic  Cryogenic  Tun¬ 
nel  A  separate  test  with  an  optical  droplet  sizing  probe,  which  was 
designed  to  detect  droplets  m  the  2-  to  300-  m  range,  confirmed 
the  conclusions  from  the  total  pressure  measurements  and  also 
discovered  what  appears  to  be  solidified  oil  droplets  having  diam¬ 
eters  of  about  3  m.  These  oil  droplets  appear  to  be  the  dominant 
source  of  seed  particles  above  2  m.  However,  computer  simula¬ 
tions  of  static  pressure  test  data  suggest  that  the  measured  conden¬ 
sation  effects  are  the  result  of  more  numerous,  smaller  seeds  with 
number  densities  on  the  order  of  10W  per  kilogram  of  the  gas  and 
diameters  on  the  order  of  0  5  m 
•NASA.  Langley  Research  Center.  Hampton,  VA.  23665 

347  *Hartzuiker.  J.  P  .  The  European  Transonic  Windtunnei 
ETW:  A  Cryogenic  Solution.  Mam  Society  Lecture  of  The  Royal 
Aeronautical  Society.  Jan.  25,  1984  Published  in  the  Aeronautical 
Journal.  Nov  1984  pp  379-394 

A85- 17240 

The  Governments  of  France,  the  Federal  Republic  of  Germany. 
The  Netherlands,  and  the  United  Kingdom  are  co-operating  under  a 
Memorandum  of  Understanding  to  build  a  transonic  wind  tunnel  for 
high  Reynolds  numbers.  This  lecture  presents  the  history  of  the 
project  and  the  specification  and  performance  of  ETW.  The  expected 
mode  of  operation  of  the  facilities  described  and  the  design  features, 
peculiar  to  this  wind  tunnel,  are  summarized.  A  short  description 
is  given  of  PETW,  of  a  test  rig  for  aerodynamic  measurements,  and 
of  the  supporting  programs  on  model  design  and  instrumentation 
Finally,  the  siting  of  ETW  and  the  time  schedule  up  till  operation 
are  addressed. 

•National  Aerospace  Laboratory.  Anthony  Fokkerweg  2.  1059  CM 
Amsterdam,  The  Netherlands 

346  AIAA  13th  Aerodynamic  Testing  Conference  —  Technical 

Papers,  San  Diego.  CA.  March  5-7. 1984. 346  pp. 

A84-24176 

Various  topics  on  aerodynamic  testing  are  addressed  the  sub¬ 
jects  considered  include:  asropropulsion  systems  test  facility;  real¬ 
time  engine  testing;  transport  configuration  wind  tunnel  test  with 
engine  simulation,  civil  turbofan  propulsion  system  integration  stud¬ 
ies  using  powered  testing  techniques;  dynamic  measurements  in 
the  settling  chamber  of  a  transonic  cryogenic  tunnel;  aerodynamic 
and  propulsion  test  unit  with  vitiated  air  heater,  and  subscale  testing 
of  an  ice  suppression  system  for  Space  Shuttle  launches.  Also 
discussed  are:  dynamic  flow  quality  measurements  in  a  tow- 
turbulence  pressure  tunnel;  data  acquisition  and  reduction  tech- 
mques  for  a  solar  collector  pressure  test;  application  of  adaptive  wall 
to  high -lift  subsonic  aerodynamic  testing;  wind  tunnel  tests  on  a  high- 
performance  low -Reynolds  number  airfoil;  development  and  call- 
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bratton  of  miniature  Mach-flow-angulanty  probes;  pressure  records 
analysis  in  an  unsteady  expansion  wave;  and  a  new  concept  lor 
exhaust  diffusers  of  altitude  test  cells 

Note  Several  papers  of  possible  interest  to  the  users  of  this  bibli¬ 
ography  are  listed  separately  as  follows 

349  'Bruce.  W  E..  Jr ;  ‘Fuller.  D.  E  ;  and  *lgoe,  W.  B..  National 
Transonic  Facility  Shakedown  Teat  Remit*  and  Calibration  Plan. 

Presented  at  the  AiaA  13th  Aerodynamic  Testing  Conference  — 

Technical  Papers.  San  Diego.  CA.  Mar  5-7. 1984  13  pp 

AIAA  Paper  84-0584  A85-16101# 

The  construction  of  the  National  Transonic  Facility  was  com¬ 
pleted  m  September  1982.  and  shakedown  operations  started  the 
following  month,  with  the  maximum  Reynolds  number  being  obtained 
in  May  1983.  Since  then,  most  of  the  effort  has  been  devoted  to 
installing  the  model  access  housings  and  adjusting  or  altering  var¬ 
ious  tunnel  components  The  current  ongoing  effort  is  devoted  to 
checkout  of  the  model  attitude,  plenum  isolation,  and  model  access 
systems  Upon  completion  of  this,  the  aerodynamic  calibration  will 
follow  The  facility  has  been  operated  in  both  air  and  nitrogen  modes 
covering  a  Mach  number  range  of  0.2  to  1.1 7  at  pressures  up  to  8.5 
atm  and  at  temperatures  down  to  1 00  K.  A  limited  amount  of  perform¬ 
ance  information  was  obtained  during  shakedown  and  is  presented 
m  this  paper,  along  with  an  outline  of  the  calibration  plans  for  the 
tunnel 

'NASA,  Langley  Research  Center.  Hampton.  VA,  23865 

350  'Gloss.  B  B  Initial  Research  Program  for  the  National 
Tranaontc  Facility.  Presented  at  the  AIAA  1 3th  Aerodynamic  Testing 
Conference  -  Technical  Papers.  San  Diego.  CA.  Mar,  S-7. 1984,  pp 
1-11 

AIAA  Paper  84-0585  A64-24177# 

The  construction  and  checkout  of  the  National  T ransontc  Facu¬ 
lty  (NTF)  have  been  completed,  and  detailed  calibration  is  now  in 
progress.  The  initial  NTF  research  program  covers  a  wide  range  of 
study  areas  falling  into  three  major  elements;  (1)  The  assessment  of 
Reynolds  number  sensitivities  for  a  broad  range  of  configurations 
and  flow  phenomena;  (2)  validation  of  the  ability  of  NTF  to  simulate 
full-scale  aerodynamics,  and  (3)  the  development  of  test  techniques 
for  improved  test  simulations  in  existing  wind  tunnels.  This  paper, 
therefore,  is  a  status  report  on  these  various  elements  of  the  initial 
NTF  research  program 

•NASA.  Langley  Research  Center,  Hampton.  VA.  23665 

351  'Young.  C  P .  Jr.;  'Bradshaw.  J.  F.;  ‘Rush.  H.  F.,  Jr.;  ‘Wal¬ 
lace.  J  W .  and  ‘Watkins.  V  E.,  Jr.  Cryogenic  Wind-Tunnel  Model 
Technology  Development  Activities  at  the  NASA  Langley  Research 
Center.  AIAA  13th  Aerodynamic  Testing  Conference  — Technical 
Papers.  San  Diego.  CA.  Mar.  5-7. 1984  pp  12-29. 

AIAA  Paper  84-0586  A84-241 78# 

This  paper  summarizes  the  current  cryogenic  wind-tunnel 
model  technology  development  activities  at  the  NASA  Langley 
Research  Center.  These  research  and  development  activities  are 
being  conducted  in  support  of  the  design  and  fabrication  of  models 
for  the  new  National  T ransonic  Facility  (NTF).  The  scope  and  current 
status  of  major  research  and  development  work  is  described  and, 
where  available,  data  are  presented  from  various  investigations 
conducted  to  date.  In  addition,  design  and  fabrication  experience  for 
existing  developmental  models  to  be  tested  in  the  NTF  is  discussed. 
'NASA,  Langley  Research  Center.  Hampton.  VA  23665 

352  ‘Johnson.  C  B .  and  'Stainback.  P  C  A  Study  of  Dynamic 
Measurements  Made  In  the  Settling  Chamber  of  the  Langley  0.3-m 


Transonic  Cryogenic  Tunnel.  AIAA  13th  Aerodynamic  Testing 
Conference  —  Technical  Papers.  San  Oiego,  CA,  Mar  5 -7,1 984  pp 
109-119. 

AIAA  Paper  84-0596  A84-24186# 

Tests  have  been  conducted  in  a  cryogenic  wind  tunnel  settling 
chamber  using  tast  response  instrumentation  to  measure  the  pos¬ 
sible  existence  of  temperature  fronts  due  to  a  sudden  or  step  change 
in  the  rate  of  liquid  nitrogen  injection  into  the  circuit.  No  indications 
of  such  fronts  were  obtained  using  three  different  techniques  to 
change  the  rate  of  nitrogen  injection.  The  normalized  pressure  and 
velocity  fluctuations  at  two  total  temperatures  and  over  a  large  range 
of  Mach  numbers  and  Reynolds  numbers  were  about  2*10-'  to 
2*1 0“*  and  about  1.8  to  3  percent,  respectively.  There  was  no  evi¬ 
dence  of  liquid  nitrogen  droplets  in  the  flow  down  to  a  total  tempera  - 
ture  of  140  K.  The  pressure  fluctuation  power  spectra  from  a  pres¬ 
sure  transducer  correlated  with  the  fan  blade  passage  through  the 
eighth  harmonic  of  the  fundamental  frequency. 

‘NASA.  Langley  Research  Center.  Hampton.  VA.  23665 

353  ‘Christophe.  J ;  'Bazin,  M..  ‘Broussaud,  P.;  ‘Francois.  G.. 
*Paci.  P  ,  and  ‘Dubois,  M  ;  Developments  In  Research  Stimulated 
By  Cryogenic  Wind  Tunnel  Construction  Planning  and  Protects.  La 

Recherche  Aerospatiale  (English  edition),  no.  2.  Mar  - Apr..  1984. 
pp  25-44. 

ISSN-0379-380X  A84-46764# 

Recent  developments  in  cryogenic  wind  tunnel  research  are 
briefly  summarized.  Particular  emphasis  is  given  to  work  currently 
being  performed  by  ONERA  in  the  effort  to  design  transonic  wind 
tunnels  with  high  Reynolds  numbers.  Some  technical  considera¬ 
tions  m  the  design  of  the  European  Transonic  Windtunnel  are  dis¬ 
cussed.  including  wind  tunnel  insulation,  the  use  of  alternative 
gases  such  as  nitrogen,  and  the  properties  of  materials  to  be  used  in 
the  construction  of  wind  tunnel  models.  Consideration  is  also  given 
to  the  design  and  construction  of  precooling  and  wind  tunnel  intro¬ 
duction  devices. 

'ONERA.  BP  72. 92322  Chatillon  Cedex.  France 

354  ‘Michel.  R.;  and  ‘Mignosi.  A.;  First  Cryogenic  Tests  of  an 
Airfoil  in  ONERA/CERT  T2  Wind  Tunnel.  La  Recherche  Aerospati¬ 
ale  (English  edition),  no.  2.  Mar. -Apr.  1984,  pp.  69-7 1 . 

ISSN -0379- 380X  A84-46767 

The  adaptation  of  the  transonic  T2  induction -driven  wind  tunnel 
at  an  ONERA  research  center  for  operation  at  low  temperatures  has 
required  internal  thermal  insulation  through  the  entire  circuit  and  to 
cool  the  flow,  a  liquid  nitrogen  injection  device  has  been  installed 
Before  entering  the  operational  phase  of  studies  on  models  in  cryo¬ 
genic  flow,  the  cryogenic  operation  of  the  wind  tunnel  was  maxi¬ 
mized  through  the  study  of  the  establishment  and  stabilization  of 
temperature,  the  qualification  of  flow  qualifies,  and  the  preparation 
of  a  preliminary  operation  to  cool  the  models.  Currents  studies 
involve  tests  of  a  CAST  7  airfoil  subjected  to  different  pressures  and 
temperatures,  and  the  determination  of  its  aerodynamic  characteris¬ 
tics  through  a  range  ot  Reynolds  numbers.  Two  aspects  are  pre¬ 
sented  for  the  test  technique:  use  ol  a  gaseous  nitrogen  cooling 
device,  and  the  use  of  adpative  wafts  which  are  formed  to  simulate 
boundary  conditions  very  close  to  those  ot  an  infinite  flow  field.  An 
initial  cryogenic  test  program  has  been  run  on  the  CAST  7  airfoil, 
some  results  used  to  confirm  temperature  test  validity  conditions  are 
presented,  and  a  definition  of  the  coefficient  of  lift  variation  with  the 
Reynolds  number  is  obtained 
‘ONERA.  BP  72. 92322  Chatillon  Cedex.  France 


355  'Germain,  Edward  F  ,  and  'Compton,  E  Conrad  Evaluation 
Tatts  ot  Platinum  Resistance  Thermometers  for  a  Cryogenic  Wind 
Tunnel  Application.  NASA  TM-85803.  Apr  1984  16  pp 

N64-23865# 

Thirty-one  commercially  designed  platinum  resistance  ther¬ 
mometers  were  evaluated  for  applicability  to  stagnation  temperature 
measurements  between  -190°C  and  65°C  in  the  U.S.  National  Tran¬ 
sonic  Facility  Evaluation  tests  included  X-ray  shadowgraphs,  cali¬ 
brations  before  and  after  aging,  and  time  constant  measurements 
Two  wire-wound  low-thermal-mass  probes  ot  a  conventional 
design  were  chosen  as  most  suitable  for  this  cryogenic  wind  tunnel 
application 

•NASA,  Langley  Research  Center,  Hampton.  VA,  23665 

356  'Daryabetgi.  K  .  and  'Ash.  R  L.  NTF  Stagnation  Tempera¬ 
ture  Measurement.  Final  Report,  1  June  1963-15  January  1984. 

NASA  CR- 1 73380.  April  1984.  39  pp 

N84-73576 

The  accuracy  of  the  National  Transonic  Facility  (NTF)  stagna¬ 
tion  temperature  measurement  system  was  investigated,  issues 
addressed  included  the  accuracy  of  a  simplified  calibration  approx  - 
imation  of  the  1968  International  Practical  Temperature  Scale  for 
platinum  resistance  thermometers  (employed  in  this  system ),  and  the 
accuracy  of  the  supporting  instrumentation.  In  addition,  the  conduc¬ 
tion  error  for  the  platinum  resistance  thermometer  configuration 
used  in  the  NTF  was  investigated.  This  analysis  shows  that  the  NTF 
stagnation  temperature  measurement  system  can  be  accurate  to 
within  *006  K  over  the  interval  126  15  K  <  T  <  363.15  K. 

•Old  Dominion  University.  Norfolk,  VA.  23508 
NASA  Grant  NASI -17099 

357  'Kilgore,  Robert  A .  Cryogenic  Wind  Tunnel*  lor  High  Rey¬ 
nold*  Number  Testing.  Lecture  presented  at  the  University  ot  Ten¬ 
nessee  Space  Institute  Short  Course  on  Aerospace  Ground  Test 
Facilities  and  Flight  Testing,  T ullahoma,  Tennessee,  May  8, 1984.63 
pp  (An  enlarged,  updated  version  ot  previous  presentations.) 

A84 -42900# 

This  lecture  is  intended  to  provide  an  overview  of  the  evolution 
and  early  development!  cryogenic  wind  tunnels,  a  status  report  on 
some  of  the  cryogenic  wind  tunnel  activities  around  the  world,  and. 
finally,  a  brief  look  at  some  developments  aimed  at  further  improving 
the  testing  capabilities  of  wind  tunnels. 

•NASA.  Langley  Research  Center,  Hampton,  VA,  23665 

358  'Carlson,  A.  8..  Thermal  Analysis  of  Cryogenic  Wind  Tunnel 
Models.  AIAA  19th  Thermophysics  Conference,  Snowmass,  CO, 
June  25-28,  1984  9  pp. 

AIAA  Paper  84-1802  A84-37516# 

This  paper  summarizes  the  thermal  analysis  activity  being  per¬ 
formed  in  support  of  the  design  of  wind  tunnel  models  for  the 
National  Transonic  Facility  (NTF)  at  the  NASA  Langley  Research 
Center  The  goal  of  the  analysis  effort  has  been  to  address  model 
design  difficulties  associated  with  the  severe  thermal  environment  of 
this  cryogenic  wind  tunnel.  The  unique  characteristics  of  this  envir¬ 
onment  are  discussed  for  various  phases  of  tunnel  operation.  The 
methods  used  to  calculate  temperatures  and  thermal  stresses  in  the 
models  are  also  described  The  results  indicate  that  thermal  consid¬ 
erations  do  not  drive  the  design  to  the  extent  originally  envisioned.  In 
general,  the  problems  identified  are  localized  and 
associated  with  thermal  mismatch  between  components  Several 


specific  examples  of  thermal  design  problems  and  proposed  solu¬ 
tions  are  given 

•NASA.  Langley  Research  Center.  Hampton.  VA,  23665 

359  'Graewe.  E  Development  of  a  6-Component  Balance  for 

the  Cryogenic  Rang*.  Final  Report,  April  1983.  DCAF  E002631 
Rept  no  BMFT-IB-W- 84-022.  June  1984  51  pp 
ISSN-0170-1339  N84-30270# 

Criteria  for  wind  tunnel  strain  gage  component  balances  appli¬ 
cable  in  the  temperature  range  100  to  300  K  were  derived.  An 
unheated  six -component  balance  was  constructed  and  examined. 
With  the  corresponding  software  this  balance  is  practicable  on 
quasi  stationary  temperatures  in  the  range  100  to  300  K. 
*Messerschmitt-8oelkow-8lohm  GmbH.  Bremen.  West  Germany 
(FRG) 

360  'Campbell.  James  F.:  The  National  Transonic  Faculty  —  A 

Research  Perspective.  Paper  presented  at  the  AIAA  2nd  Applied 
Aerodynamics  Conference.  Seattle.  Wash.,  Aug.  21-23, 1984. 1 7  pp 
AIAA  Paper  84-2150  A84-44189# 

The  status  of  the  calibration,  correlation,  and  research  efforts  of 
the  National  Transonic  Facility  (NTF)  is  presented.  The  research 
program  is  reviewed  in  more  detail,  citing  aerodynamic  problem 
areas  and  research  needs  and  the  accompanying  NTF  program 
which  addresses  some  of  these  needs.  The  description  of  the 
research  program  is  broken  into  four  categories.  Basic  Fluid 
Mechanics,  Transport  Aircraft  Aerodynamics.  Fighter  Aircraft  Aero¬ 
dynamics,  and  Computational  Fluid  Dynamics. 

'NASA,  Langley  Research  Center,  Hampton.  VA.  23665 

361  'Goodyer.  M  J.:  Engineering  Changes  to  the  0.1  m  Cryo¬ 
genic  Wind  Tunnel  at  Southampton  University.  NASA  CR- 172430, 
Aug.  1984.  20  pp 

N84- 32397 

This  report  outlines  the  more  important  changes  to  the  tunnel 
since  its  completion  in  1977.  These  include  detailed  improvements 
in  the  fan  drive  to  allow  higher  speeds  and  the  provision  for  a  test 
section  (eg  suitable  for  use  with  a  magnetic  suspension  and  balance 
system  The  instrumentation,  data  logging,  data  reduction,  and  tun¬ 
nel  controls  have  also  been  improved  and  modernized  The  report 
concludes  with  a  tunnel  performance  summary 
•The  University.  Southampton  S09  5NH.  Hampshire.  U  K 
Contract  NASI  -16000 

362  'Wallace,  John  W.:  Fastener  Load  Tests  and  Retention 
Systems  Teats  lor  Cryogenic  Wind-Tunnel  Models.  NASA  TM- 
85805,  Aug,  1984.  46  pp 

N84 -28964# 

This  paper  presents  the  results  of  a  fastener  load  and  retention 
systems  test  program,  which  was  carried  out  as  a  part  of  the  cryo¬ 
genic  models  technology  development  activities  at  the  NASA  Lang  - 
fey  Research  Center  A -286  stainless  steel  screws  were  tested  to 
determine  the  tensile  load  capability  and  failure  mode  of  various 
screw  sizes  and  types  at  both  cryogenic  and  room  temperatures 
Additionally,  five  fastener  retention  systems  were  tested  by  using 
A -286  screws  with  specimens  made  from  the  primary  metallic  alloys 
that  are  currently  used  for  cryogenic  models.  The  locking -system 
effectiveness  was  examined  by  simple  no-load  cycling  to  cryogenic 
temperatures  (-275° F)  as  well  as  by  dynamic  and  static  loading  at 
cryogenic  temperatures.  In  general,  most  systems  were  found  to  be 
effective  retention  devices.  There  are  some  differences  between  the 


H-5# 


various  devices  with  respect  to  ease  of  application,  cleanup,  and 
reuse  Also,  results  of  tests  at  -275°F  imply  that  the  cold  tempera¬ 
tures  act  to  improve  screw  retention  The  improved  retention  is 
probably  the  result  of  differential  thermal  contraction  and/or 
increased  friction  (thread-bmdmg  effects)  The  data  in  this  paper  are 
provided  for  use  in  selecting  screw  sizes,  types,  and  locking  devices 
for  model  systems  to  be  tested  in  cryogenic  wind  tunnels. 

•NASA.  Langley  Research  Center.  Hampton,  VA,  23665 

383  ‘Kilgore.  R.  A ;  and  *  Dress.  D.  A.  The  Application  of  Cryo¬ 
genics  to  High  Reynolds  Number  Testing  in  Wind  Tunnels.  Part  1; 
Evolution.  Theory,  and  Advantages.  Cryogenics,  vol  24.  no,  8.  Aug. 
1984,  pp  395-402 

ISSN-001 1-2275 

An  improved  way  to  increase  the  Reynolds  number  capability  of 
wind  tunnels  has  been  developed  m  the  United  States  at  the  NASA 
Langley  Research  Center  through  the  application  of  cryogenic 
technology  Cooling  the  test  gas  in  the  wind  tunnel  to  cryogenic 
temperatures  by  spraying  liquid  nitrogen  into  the  tunnel  circuit 
increases  the  test  Reynolds  number  by  as  much  as  a  factor  of  7  with 
no  increase  in  dynamic  pressure  and  with  a  reduction  in  drive 
power  Part  1  of  this  two-part  review  covers  the  evolution,  theory, 
and  major  advantages  of  cryogenic  wind  tunnels.  Part  2  will  de¬ 
scribe  the  development  and  early  application  of  the  cryogenic  wind 
tunnel  concept  in  the  United  States  and  some  of  the  major  cryogenic 
wind  tunnel  activities  around  the  worla.  the  most  significant  of  which 
is  a  large  tan-driven  transonic  cryogenic  tunnel  recently  completed 
at  the  Langley  Research  Center. 

•NASA.  Langley  Research  Center.  Hampton,  VA,  23665 


364  ‘Kilgore.  R  A.;  and  ‘Dress,  D.  A.:  The  Application  of  Cryo- 
geniet  to  High  Reynolds  Number  Testing  in  Wind  Tunnels.  Part  2: 


Development  and  Application  of  the  Cryogenic  Wind  Tunnel  Con¬ 
cept.  Cryogenics,  vol  24,  no  9.  Sept  1984.  pp  484-493 

ISSN-001 1-2275 

An  improved  way  to  increase  the  Reynolds  number  capability  of 
wind  tunnels  has  been  developed  through  the  application  ot  cryo¬ 
genic  technology  Part  1  of  this  two-part  review  covered  the  evolu¬ 
tion,  theory,  and  major  advantages  of  cryogenic  wind  tunnels.  This 
paper  describes  the  development  and  early  application  of  the  cryo¬ 
genic  wind  tunnel  concept  in  the  United  States  at  the  NASA  Langley 
Research  Center.  Also  presented  are  some  of  the  major  activities 
around  the  world  related  to  cryogenic  wind  tunnels,  the  most  signifi¬ 
cant  of  which  is  a  large  transonic  cryogenic  tunnel  recently  com¬ 
pleted  at  the  Langley  Research  Center 
‘NASA,  Langley  Research  Center,  Hampton,  VA.  23665 

365  ‘Lawing,  Pierce  L.,  ‘Dress.  David  A.,  and  ‘Kilgore.  Robert 

A.:  Description  of  the  Insulation  System  for  the  0.3-m  Transonic 
Cryogenic  Tunnel.  NASA  TM -86274,  Jan.  1985 

The  thermal  insulation  system  of  the  0.3-m  Transonic  Cryo¬ 
genic  Tunnel  (TCT)  at  the  NASA  Langley  Research  Center  is  de¬ 
scribed  in  text,  photographs,  and  drawings.  The  system  is  designed 
to  operate  from  room  temperature  down  to  about  77.4  K.  the  temper  - 
ature  of  liquid  nitrogen  at  1  atm  .  A  detailed  description  is  given  of  the 
primary  insulation  system,  which  consists  of  glass  fiber  mats,  a 
3- part  vapor  barrier,  and  a  dry  nitrogen  positive -pressure  purge 
system.  Also  described  are  several  secondary  insulation  systems 
required  for  the  test  section,  actuators,  and  tunnel  supports.  An 
appendix  briefly  describes  the  original  insulation  system  which  is 
considered  inferior  to  the  one  presently  in  place.  The  time  required 
for  opening  and  closing  portions  of  the  insulation  system  tor  modifi  - 
cation  or  repair  to  the  tunnel  has  been  reduced,  typically,  from  a  tew 
days  tor  the  original  thermal  insulating  system  to  a  few  hours  for  the 
present  system. 

‘NASA,  Langley  Research  Center.  Hampton.  VA.  23665 
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16«>  I  ■  .i-’.: .  J.:  and  Dor,  J.B.  Estimating  Hast 
Lo*s«s  and  Calculating  Flow  character istica  in  an 
Intermittent  cryogenic  Mind  Tunnel,  (Estimation 
peri.es  t.iermiq ues  et  calculs  des  caracter- 
istigues  de  1 1 encoulement  dans  une  scuff lerie  A 
rafales  cry^gemqaes,  )  ONERA-CERT  R.T.  DCAF 
F.  ’014),  June  1  *»  7  8  ,  44  pP .  In  French. 

N84-7b68 ) 

The  first  part  ot  the  report  desc rites  the 
p*  er.omehon  of  heat  transmission  in  different  parts 
-i  the  aerodynamic  circuit  of  the  T'2  wind  tunnel. 
Ine  second  part  develops  the  equations  which 
describe  the  flow  in  this  cryoqenic  wind  tunnel. 

*0NERA/CERT,  BP  4025,  U055  Toulouse  Cedex, 

France 


36?  Green,  J.D.;  and  Taylor,  c.R:  Enhancement 
of  the  ETM  Operating  Ehvalopa  by  Increasing 
maximum  Pressure  and  Power.  RAE-TM  Aero  1827, 

Dec.  _1979,  29  pp. 

Langley  Library  number  Cn-154941 

This  memorandum  considers  the  potential  for 
improving  the  ability  of  the  European  Transonic 
Windtunnel  (ETW)  to  simulate  full-scale  flight 
conditions,  for  a  relatively  modest  increase  in 
cost,  by  increasing  the  strength  of  the  pressure 
shell  and  slightly  augmenting  the  power  of  the 
main  drive  relative  to  the  values  required  to  meet 
the  agard  Laws  specification.  The  question  of 
increasing  the  sire  of  the  tunnel,  in  order  to 
■eat  the  Laws  requirements  at  a  raduced  pressure, 
is  also  addressed.  This  memorandum  has  been 
prepared  by  RAE,  with  the  aaaletance  from  the  ETW 
Technical  Group  in  defining  tunnel  performance 
parameters,  as  a  contribution  to  final  discussions 
of  the  tunnel  specification. 

Royal  Aircraft  Establishment,  Farnborough, 
Hampshire  GU14  6TD,  U.K. 


3««  Gobert,  J.L.:  and  Brell,  J.F.:  Preliminary 
study  of  an  Apparatus  to  Control  the  Temperature 
of  the  Flow  Entering  the  T2  Cryogenic  Mind  Tunnel. 
(Etude  prel lminai re  d'un  dispoatif  de  controle  de 
la  temperature  de  l’ecoulement  destine  a  la 
soufflerie  cryogenique  T2)  .  OKERA-CERT  R.T.  OA 
20/5007,  April  1983.  37  pp. 

The  use  of  intermittent  cryogenic  wind 
tunnels  has  necessitated  the  control  of  the 
parameters  of  the  flow  temperature,  pressure,  and 
speed.  This  report  gives  the  results  of  a 
preliminary  study  done  in  the  CERT  T‘2  wind 
tunnel.  The  feasibility  of  a  temperature  control 
apparatus  which  uses  *  real  time  mini-computer  is 
shown. 

*ONERA/CERT,  BP  4025,  31055  Toulouse  Cedex, 

Franc* 


3«»  Mignosi,  a;  and  imbert,  R . :  First 
Cryogenic  Test  of  the  CAST  7  profile  in  the  T2 
Mind  Tunnel,  comparison  with  Calculation# . 
(Premiers  essais  cryogeniques  du  profil  CAST  7  A 
la  soufflerie  T2.  Comparison s  avec  les  calculs.) 
(0NERA-RTS- 58/ 1685-AY •*•035-0)  ,  April  1984,  66  DO. 

In  French. 


N85-13682I 

The  influence  of  Reynolds  number  at  a  Mach 
number  of  0.76  was  studied  in  natural  and  enhanced 
transition  using  a  CAST  7  airfoil  profile  with 
150  tim  chord.  The  wind  tunnel  and  the  experi¬ 
mental  technique  are  described,  Studies  on  wall 
choice  and  on  the  thermal  equilibrium  of  the  model 
are  included.  Computations  solving  the  transonic 
potential  equation  with  inclusion  of  viscous 
efTects  are  presented.  important  differencea 
between  experiment  and  theory  are  observed. 

*ONERA ,  BP  72,  92322  Chat i lion  Cedex,  Franc* 
Contract  DRET-83-34-135. 


370  Eisenaar,  A.:  Technical  evaluation  Report 
on  the  Fluid  Dynamics  Panel  Symposium  on  Mind 
Tunnels  and  Testing  Techniques .  AGARD-AR- 19 3 , 

May  1984,  13  pp.  Symposium  held  in  Ceame,  Turkey, 
Sapt.  26-29,  1983. 

ISBN-92-835-1473-4  H84-32402I 

Taatlng  techniques  and  wind  tunnels  were 
discussed.  New  facilities  and  their  performance, 
design,  wind  tunnal  teats  Lika  scale  effects  and 
disturbance  effect  were  reported.  New  develop¬ 
ments  in  cryogenic  testing  tschnlquss,  and 
rsfinsment  of  convsntlonal  tschniquss,  inatru- 
mentation,  model  design  and  construction  era 
reportad.  Tha  incraaaing  impact  of  computer 
davelopment  on  wind  tunnel  testing  is  addrassed. 

•National  Aerospace  Laboratory  (NLP) 

Anthony  Fokkervag  2 

1059  CM  Amstardam,  Tha  Netherlands 


3? 1  Back,  J.W.:  cryogenic  Mind  Tunnel 
Technology  -  A  May  to  Kaasuraaant  at  Higher 
hay no Ids  Mumbsrs.  NASA-TM-77481,  May  1984.  34  pp. 

Translation  from  "Xryo-windkanal-Technologie : 

Ein  wag  rur  Maseung  b«i  Hoaharan  Reynolds-Zahlen, " 
Munich,  Fab.  1,  1982,  pp.  53-81,  83-87,  A83-46484. 

N84-34451I 

Tha  goals,  design,  problsms,  and  value  of 
cryogenic  transonic  wind  tunnals  being  developed 
in  Europe  are  discussed.  The  disadvantages 
Inherent  in  low-Reynoida  number  (Re)  wind  tunnel 
simulation#  ot  aircraft  flight  at  high  Ra  ars 
raviawad,  and  tha  cryoganic  tunnal  is  shown  to  be 
the  most  practical  method  to  achieve  high  Re.  The 
design  proposed  for  tha  European  Transonic 
Windtunnel  (ETW)  is  preaentsd:  parameters  includa 
test  section  -  4  sq  m,  operating  pressure  -  5  bar, 
temperature  •  110  to  120  K,  maximum  Rs  -  40 
million,  liquid  N2  consumption  -  40,000  metric 
tons/ysar,  and  power  -  39.5  MW.  Tha  Cologne 
subsonic  tunnal  being  adapted  to  cryoganic  use  for 
preliminary  studies  is  described.  Problems  of 
configuration,  materials,  and  liquid  N2 
evaporation  and  handling  and  the  research  under 
way  to  solve  them  are  outlined.  The  benefits  to 
be  gained  by  the  construction  of  these  costly 
Installations  are  eean  more  in  applied 
Aerodynamics  than  in  basic  research  in  fluid 
physics.  The  need  for  parallel  development  of 
both  high  Rs  tunnels  and  computers  capable  of 
performing  high-Re  numerical  analysis  is  stressed. 

Note:  See  no.  258  in  thie  bibliography  for 
original  German  form. 

*DFVLR ,  Oberpfaf fenhofen,  West  Germany 


372  Pan  Ruikang:  A  Cryogenic  Bigb-Rsynolds 
Mumbar  Transonic  Mind  Tunnel  with  Prs-cooled  and 
Restricted  Plow.  Acta  Aerodynamics  Sinica 
(China  Aerodynamics  Research  Society)  No.  2, 

1984 ,  pp.  87-92,  In  Chinese. 

In  order  to  achieve  the  full  scale  Reynold# 
number  of  aircraft  in  modal  totting,  various  high- 
Reynolda  number  transonic  wind  tunnels  ars  being 
developed  abroad.  In  this  paper,  a  cryogenic 
hlgh-Reynolds  number  transonic  wind  tunnel  with 
pre-cooled  and  restricted  flows  is  presented.  The 
principle  that  air  temperature  falls  down  through 
s  flow  restrictor,  which  is  alto  a  regulator,  is 
applied.  Air  from  a  compressor  is  first  cooled  to 
215  X,  and  then  enters  into  the  pressure  vessels. 
During  the  wind  tunnel  operation,  the  regulating 
valve  must  be  controlled,  eo  that  fluid  pressure 
is  5  atm  and  its  temperature  ie  154  X.  under  the 
different  Mach  number  condition,  the  different 
temperature  and  presaute  may  be  used7to  achieve  a 
Reynolds  number  as  high  as  16.7  x  10  .  in  this 
paper,  tha  cool -system  of  the  wind  tunnel  end  the 
tunnel  operating  principles  are  described  in 
detail,  as  well  as  the  2.4  a  transonic  wind  tunnel 
scheme . 

*China  Aerodynamic  Research  and  Development 
Canter  (CARDC) ,  P.0.  Box  211,  Hianyang,  Sichuan, 
China 
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J7j  *&».l!ir,  i> .  A .  “niisvn.  A.P.;  and 
v  l.»:n.  A. A.  :  Design  study  o2  Test  Models  of 
Maneuvering  Aircraft  Configurations  for  the 
National  Transonic  Facility  (NTF).  NASA-CK- 382 7 , 

A-.j.  l'*«4,  5  6  j  pp. 

N84-3  3422 1 

ino  feasibility  of  designing  advanced 
tec?. :.o  logy,  highly  ruineuverable,  fighter  aircraft 
dels  to  achieve  full  scale  Reynolds  number  in 
the  I’.S.  National  Transonic  Facility  (NTF)  is 
examined.  Each  of  the  selected  configurations  are 
tested  for  aeroelastic  effects  through  the  use  of 
force  and  pressure  data.  A  review  of  materials 
and  material  processes  is  also  included. 

general  Dynamics  Convair  Division, 

P.0.  Box  85377,  San  Diego,  CA  92138 

General  Dynamics  Fort  Worth  Division, 

P.0.  Box  740,  Forth  Worth,  TX  76101 

Contract  NAS  1 -168 4 b 


J7«  Department  d 'Etudes  et  de  Recherches  en 
Aerothermodynanique  (D.E.R.A.T. ) :  Recherches 
Etfectuees  au  D.E.R.A.T.,  (Oct.  1983  -  sept.  1984) 
Hi  lan  des  Pnncipeux  Rfesultats  Acquis.  (Research 
at  D.E.R.A.T.,  (Oct.  1983  -  Sept.  1984)  Summary  of 
Principal  Results  Obtained.)  Paper  presented  at 
the  meeting  of  the  Conseil  d'Orientation  (Guidance 
Council).  Oct.  20,  1984.  41  pp.  In  French. 

Discussed  are:  (A)  Fundamental  studies  of 
viscous  and  turbulent  flows,  and  (B)  Experimental 
methods  and  tests  in  subsonic-transonic  flow. 

S jme  specific  topics  addressed  are:  wing-fuselage 
interference,  boundary-layer  transition, 
ca  1  ■' o  1  at  ion  of  3-dimensional  boundary-layers, 
tests  in  tne  T2  cryogenic  wind  tunnel  on  adaptive 
Wills  and  other  corrections  for  wall  interference, 
tejts  on  the  CAST  7  airfoil,  problems  related  to 
the  use  of  cryogenic  tunnels,  instruments  for  them 
such  as  friction  qauges  and  the  cryogenic  wind 
tunnel  balance  for  the  T2. 

* ON FRA/ CERT,  BP  4025,  31055  Toulouse  Cedex, 

France 


175  Hirtzuiker,  J.P.:  The  European  Transonic 
wi ndtunnel  Etw:  A  Cryogenic  solution.  "The 
Aeronautical  Journal."  Nov.  1984,  pp.  379-394. 

A85-17240 

Note:  For  an  earlier  form  of  this  paper  and  an 

abstract,  see  no.  347  in  this  bibliography. 

National  Aerospace  Laboratory  -  NLR 

Anthony  Fokkerveg  2 

1059  Amsterdam,  The  Netherlands 

378  ON ERA,  Centre  d'Etudes  et  de  Recherches 
Toulouse,  France:  Research  Done  at 
D.E.R.A.T.  (October  1982  Through  September 
1983);  Buounary  of  Principal  Results  Obtained. 
NA5A-TM-77786 ,  Dec.  J984,  79  pp.  An  English 
translation  of  a  Frencn  report  dated  Oct .  17,  1983, 
pp.  1-42. 

NB5-177  301 

Note:  See  no.  338  in  this  bibliography  for  the 
original  French  form. 

The  progress  m  the  following  areas  is 
•ies-r i bed :  measurement  equipment,  F2  FAL'GA  wind 
t  jr.r.ei  tests,  unsteady  boundary-layers,  body  and 
ax  i  s/mme t r i.  a  2  boundary-layers,  wing  fuselage 
,  r.t  eract  ions  ,  turbulence,  and  subsonic-transonic 
flow.  The  adaptation  of  the  T2  tunnel  for 
cryogenic  operation  and  tests  of  the  CAST  7 
airfoil  are  discussed  and  a  description  of  the  T'J 
cryogenic  tunnel  is  given. 

*ONFRA'CERT,  BP  4025,  31055  Toulouse  Cedex, 

France 
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377  Morisset,  J.:  ETW,  the  European  Cryogenic 
Mindtunnel  Will  Be  Built  in  Cologne,  West 
Germany.  (ETW,  soufflerle  cryogenique  europOenne 
sera  construite  en  Allemagne  8  Cologne) .  Air  et 
Cosmos,  vol .  22,  Dec.  IS,  1984,  pp.  24,  25. 

In  French. 

ISSN  0044-6971  A85-18723 

It  is  expected  that  an  intergovernmenta i 
agreement  will  soon  be  completed  to  produce  a 
final  design  for  the  ETW,  which  has  been  under 
study  since  1970.  The  project  will  be  one  of 
cooperation  among  the  United  Kingdom,  West 
Germany,  The  Netherlands,  and  France.  Costing  a- 
estimated  1.4  billion  francs,  the  facility  will 
allow  studies  of  Mach  0.9  flows  at  Re  up  to  •, 
million,  i.e.,  just  over  that  experienced  by  the 
Airbus  300.  The  wind  tunnel  will  have  a  2.4  x  2  m 
test  section,  operate  at  pressures  from  1.25  -  4  5 
bars  and  at  temperatures  from  -18)  to  -40  °C.  ar  J 
will  furnish  flows  of  Mach  0.15  -  1.3  with 
nitrogen  as  the  test  gas.  The  fan  will  be  driver, 
by  a  45  MW  motor  and  the  tunnel  will  be  120  it 
long.  A  smaller,  pilot  ETW  has  recently  enter*.) 
service  in  Amsterdam. 


378  Morisset,  J.:  The  Most  Spectacular  Equipment 
-  ETW.  Air  et  Cosmos,  vol.  22,  pec.  22,  l>*4. 
pp.  55-57.  In  French. 

A85-,  142.- 

The  European  Transonic  W l ndtur.re  1  :  ETW  w.i. 
be  tuilt  in  the  next  10  years  as  a  cooperative 
effort  of  four  countries  and  will  serve  for  tests 
of  fixed  wi.-.g  airctaft,  helicopters,  and  missiles 
Preliminary  design  work  for  the  ETW,  which  w;.;  Le 
constructed  in  Col ogne-Por z ,  began  in  1977,  The 
final  design  features  a  2.4  x  2  m  test  section,  a 
-183  to  ♦  40°C  temperature  range,  a  1  25  to  4  .  ‘. 
atm  pressure  range.  Mach  numbers  from  0.J5  to 
1.3,  a  maximum  Re  cf  S.  million,  and  a  el.:.:  r.p 
blower.  A  cryogenic  pressurized  mode  was  chosen 
to  faithfully  reproduce  flight  conditions  w.tr. 
sub-scale  models,  which  will  be  supported  or.  a 
dynamic  mobile  balance  equipped  with  a  sting  The 
cryoqenic  flow  will  be  produced  by  injecting  liquid 
nitrogen  into  the  tunnel  circuit  at  rates  up  to 
200  kg/sec.  A  smaller  version  of  the  ETW.  know- 
as  the  PETW,  was  completed  in  the  spring  of  i9i»; 
in  Amsterdam  and  is  serving  n  a  pilot  for 
operational  techniques  for  the  ETW. 


379  Hall,  R.M. :  Studies  of  Condensation 
Effaces  on  A irtoil  resting  in  «  Transonic 
Cryogenic  Tunnel.  AlAA  23rd  Aerospace  Sciences 
Meeting,  Reno,  Nevada,  Jan.  14-17  .  1985,  12  pp . 

AIAA  Paper  85-0229  A8S'196j)I 

The  results  of  condensation  studies  in  the 
Langley  0.3-Meter  Transonic  Cryogenic  Tunnel 
(0.3-m  TCT)  utilizing  the  NACA  0012-64.  SPL  95,.. 
NACA  0012,  NASA  0712-3,  and  CAST  10-2/ DOA  2 
airfoils  are  summarized  as  follows.  (l)  the  vai-e 
of  maximum  local  Mach  number  over  the  airfoil 
Hp  max  ,  is  the  most  important  correlation 

parameter  for  the  data,  (2)  both  homogeneous 
nucleation  and  condensation  on  pre-existing  seed 
particles  occurred,  depending  on  the  value  of 
Hp,»ax  *  ^  a  curv*  to  an  analytic  study  by 

Sivier  does  a  good  Job  of  correlating  the  data. 

(4)  a  simple  procedure  Is  documented  to  predict 
minimum  operating  temperatures  in  the  c.)-m  Tc'.  . 

(5)  increases  in  Reynolds  number  capability  oi 

to  22  percent  are  predicted  because  of  the  abilit, 
to  test  below  local  saturation  before  the  onset  •  : 
condensation  effects,  (6)  at  values  of  M^  below 
0.55,  effects  may  occur  above  local  saturation  if 
operating  tunnel  pressures  are  low,  and  (7) 
airfoil  surface  pressure  measurements  appear  to  be 
as  sensitive  to  condensation  as  drag  rake  data. 

NASA  Langley  Raaearch  Center,  Hampton,  VA  23665 
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380  Cole,  S.R. :  Exploratory  Fluttar  Tost  in 
a  Cryogenic  Wind  Tunnel.  AI AA/ASME/ASCE/AHS  26th 
Structures,  structural  Dynamics  and  Materials 
Conference,  Orlando,  Florida,  April  15-16,  1985, 

9  pp. 

AIAA  Paper  85-0736 

An  experimental  study  to  explore  the 
feasibility  of  conducting  flutter  tests  in 
cryogenic  wind  tunnels  was  conducted  in  the  NASA 
LaHC  o.l-o  Transonic  Cryogenic  Tunnel  (TOT) .  The 
model  used  consisted  of  a  rigid  wing  with  an 
integral,  flexible  beam  support  that  was 
cantilever  mounted  from  the  tunnel  wall.  The  wing 
haJ  a  rectangular  planform  of  aspect  ratio  1.5  and 
a  64A010  airfoil.  Various  considerations  and 
procedures  for  conducting  flutter  tests  in  a 
cryogenic  wind  tunnel  were  evaluated.  Flutter 
onset  conditions  were  established  from 
extrapolated  subcritical  response  measurements. 

A  flutter  boundary  was  determined  at  cryogenic 
temperatures  over  a  range  of  Mach  number,  M,  from 
0.5  to  0.9.  Flutter  was  obtained  at  two  different 
Reynolds  numbers,  R,  at  M  -  0.5  (R  -  4.*  and  18.4 
x  10°)  and  H  -  0.8  (R  •  5.0  and  10.4  X  10®). 

The  approach  used  in  this  study  was  to  dssign  a 
flutter  model  that  would  be  both  simple  to  analyze 
and  reasonably  safe  to  test  In  a  cryogenic  wind 
tunnel.  A  reliable  analytical  prediction  of  the 
flutter  boundary  was  .mportant  so  that  actual 
"hard'*  fluttar  could  be  avoided  during  the  test, 
or.  at  least,  approached  cautiously.  Even  so, 
this  test  was  approached  as  a  high-risk  test  in 
the  o. 3-m  TCT. 

*NASA  Langley  Research  Center,  Hampton,  VA  23665 


38 1  t  Adachi,  T. ;  Matsuuchi,  K. ;  Matsuda,  S.; 
and  Xawai,  T, ;  On  the  Force  end  Vortex  shedding 
on  a  Circular  Cylinder  from  Subcritical  up  to 
Transcrltieal  Reynolds  Numbars.  Bulletin  of  the 
JSME  (In  English),  vol .  28,  no.  243,  1985  ■ 

Pressure  distribution  and  vortex  shedding 
were  measured  in  the  0.5  x  0.5  m  low-speed 
cryogenic  wind  tunnel  at  Tsukuba  from  subcritical 
up.to  transcritical  Reynolds  numbers  (105  <  Re  < 

) 0  )  and  Mach  numbers  up  to  0.3  without  changing 
the  experimental  arrangement.  A  brief  description 
the  tunnel  and  its  operating  characteristics 
are  given.  Drag  coefficients  were  calculated 
using  pressure  distributions.  Pressure  distri¬ 
butions  and  drag  coefficients  show  character¬ 
istic  changes  for  subcritical,  lower  transition, 
critical,  upper  transition  and  transcritical 
Reynolds  number  ranges,  respectively.  Strouhal 
number  takes  constant  value  with  an  increase  in 
Reynolds  number  for  10s  s  Re  5  3 . 2  x  10s. 
Narrow-band  vortex  shedding  could  not  be  measured 
in  the  critical  Reynolds  number  range  (3.2  x  10s  5 
Re  s  6.9  x  10s).  It  was  also  measured  again  in 
the  upper  transition  and  transcritical  Reynolds 
number  ranges.  Spectra  of  the  pressure  distri¬ 
butions  and  velocity  fluctuations  measured  are 
presented  for  several  characteristic  values  of 
Reynolds  numbers.  Results  are  also  compared  with 
those  of  the  other  authors. 

^Institute  of  Engineering  Mechanics 

University  of  Tsukuba, 

1-1,  Tennodai,  Sakura,  Niihari,  Zbaraki,  Japan 

#*Mitsubishi  Heavy  Industries  Co., 

2-5-1,  Marunouchi,  Chiyoda,  Tokyo,  Japan 
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APPENDIX 

GENERAL  CRYOGENIC  PUBLICATIONS 


The  following  entries,  while  not  dealing  directly  with  cryogenic 
wind  tunnels,  have  been  found  to  be  useful  sources  of  information 
At  *Corruccini,  Robert  J.,  and  ’Gmewek,  John  J  Specific 
Heats  and  Enthalpies  of  Technical  Solids  at  Low  Temperatures— A 
Compilation  From  the  Literature.  NBS  Monograph  2t,  Oct  1960 

N63-81 125 

Tables  are  given  of  the  specific  heat.  cp.  and  the  enthalpy  of  28 
metals.  3  alloys,  8  other  inorganic  substances,  and  8  organic  sub¬ 
stances  in  the  temperature  range  1  to  300  K. 

•National  Bureau  of  Standards.  Boulder.  CO.  80302 

A2  •Jacobs,  R  B  Liquid  Requirements  for  the  Cool-Down  of 
Cryogenic  Equipment.  Advances  in  Cryogenic  Engineering.  Vol  8. 
1963.  pp  529-535  Presented  at  the  Cryogenic  Engineering  Con¬ 
ference.  Los  Angeles.  Calif..  Aug.  1962. 

It  is  frequently  necessary  to  estimate  the  amounts  of  cryogenic 
liquid  required  to  cool  cryogenic  equipment  to  its  operating  condi¬ 
tion  The  purpose  of  this  paper  is  three-fold:  (1)  to  derive  relations  for 
making  these  estimates:  (2)  to  compute  the  cool-down  requirements 
for  the  commonly  used  liquids  (helium,  hydrogen,  nitrogen,  and 
oxygen)  with  some  commonly  used  materials  (stainless  steel, 
copper,  and  aluminum),  and  (3)  to  present  the  results  of  the  computa¬ 
tions  m  a  readily  usable  graphical  form. 

•National  Bureau  of  Standards,  Boulder.  CO.  80302 

A3  Pankhurst,  R.  C  and  Holder,  D  W  Wind  Tunnel  Technique. 
S*r  Isaac  Pitman  and  Sons.  Ltd..  London,  1965 

This  book  is  an  attempt  to  satisfy  the  need  which  the  authors  felt 
to  exist  for  a  coherent  account  of  modern  wind-tunnel  practice 
written  m  the  form  of  a  critical  resume  rather  than  as  a  textbook 
which  starts  from  first  princip  as.  It  is  intended  primarily  for  gradu¬ 
ates  entering  the  field  of  experimental  aerodynamics  since  it  is  felt 
that,  although  having  a  good  knowledge  of  the  theory,  they  may  in 
many  cases  have  had  little  opportunity  of  becoming  familiar  with 
experimental  practice  It  is  hoped  that  the  work  may  also  be  of  value 
as  a  reference  book  for  the  research  worker  and  for  the  model¬ 
testing  personnel  of  aircraft  firms.  The  scope  of  the  book  is  best 
judged  from  the  Contents  and  from  the  forward  references  to  the 
remainder  of  the  text  given  in  Chapter  1.  For  this  reprint  (1965)  we 
have  been  able  to  correct  known  misprints  and  other  errors  (particu  - 
larly  the  omission  of  the  chord  /span  ratio  from  equations  (3)-(5)  on 
p  238)  but  have  not  introduced  fresh  material.  The  only  substantial 
alteration  occurs  in  Chapter  VIII,  where  the  drag  correction  ascribed 
to  wall -induced  inclination  of  the  lift  vector  has  been  deleted  in 
cases  of  two-dimensional  flow. 

A4  Barron.  Randall  F  Cryogenic  System*.  McGraw-Hill.  New 
York.  1966  (McGraw-Hill  series  in  mechanical  engineering). 

The  objective  of  this  book  is  to  present  an  introduction  to  the 
engineering  aspects  and  challenges  of  cryogenics.  Emphasis  is 
placed  on  the  design  and  analysis  of  systems  used  to  produce, 
maintain,  and  utilize  low  temperatures.  The  text  is  an  outgrowth  of 
class  notes  and  lecture  material  associated  with  a  course  in  cryo¬ 
genic  systems  taught  at  Ohio  State  University  and  >s  slanted  primar¬ 
ily  toward  senior  mechanical  engineering  students,  although  the  text 
is  arranged  so  that  it  may  be  used  by  an  engineer  unfamiliar  with 
cryogenic  techniques  when  he  is  called  upon  to  assist  in  the  design 
of  a  system  for  low  temperatures  The  required  background  for  the 
student  includes  a  knowledge  of  the  basic  engineering  sciences— 
thermodynamics,  heat  transfer,  fluid  flow,  and  mechanics  of  solids 


Because  a  book  must  always  have  a  finite  number  of  pages,  not  all 
topics  m  cryogenics  are  covered,  but  it  is  hoped  that  a  student  will 
have  a  firm  foundation  in  cryogenics  after  studying  this  text  The  text 
is  intended  tor  a  one-semester  undergraduate  course  in  cryogenic 
systems.  Books  for  additional  reading  are  suggested  at  the  end  of 
each  chapter 

AS  *Scurlock,  R  G  Low  Temperature  Behaviour  of  Solids:  An 
Introduction.  Routledge  and  Kegan  Paul.  Ltd..  London  Dover  Pubti  - 
cations,  Inc  .  New  York.  1966. 

This  hook  provides  an  elementary  introduction  to  the  behaviour 
ot  solids,  at  temperatures  ranging  down  from  room  temperature  It  is 
directed  at  the  level  of  the  second  or  third  year  undergraduate 
student  in  science  and  engineering,  and  provides  a  concise  account 
of  some  of  the  more  important  properties  of  the  solid  state  A  strict 
mathematical  approach  is  avoided,  and  discussion  is  limited  to 
qualitative,  order  of  magnitude,  explanations  of  low  temperature 
behaviour. 

•University  of  Southampton,  S09  5NH,  Southampton.  U  K. 

A6  *Wigley.  D.  A  :  Mechanical  Properties  of  Material*  at  Low 
Temperature*.  Plenum  Press.  New  York-London,  1971  377  pp 

A72- 19909 

The  aim  has  been  to  consider  the  mechanical  properties  of  the 
wide  range  of  materials  now  available  in  such  a  way  as  to  start  with 
the  fundamental  nature  of  these  properties  and  to  follow  the  discus¬ 
sion  through  to  the  point  at  which  the  reader  is  able  to  comprehend 
the  significance  or  otherwise  of  the  large  amounts  of  data  now 
available  in  design  manuals  and  other  compilations,  in  short,  it  is 
hoped  that  this  volume  will  be  used  as  a  companion  to  these  data 
compilations  and  as  an  aid  to  their  interpretation.  Most  of  the  mate¬ 
rials  likely  to  be  of  use  in  cryogenic  engineering  have  been  included 
but.  despite  the  superiority  of  nonmetals  for  certain  applications,  it  is 
a  reflection  of  the  major  importance  of  metals  that  about  70  per¬ 
cent  of  the  book  is  devoted  to  their  deformation  and  fracture 
characteristics 

•The  University,  Southampton  S09  5NH.  Hampshire.  U  K. 

A7  *  Reed,  William  E  ,  Cryogenic  Refrigeration,  VoL  2.  A  Biblio¬ 
graphy  With  Abatracta.  Progress  Rep .  1973-Oct.  1977.  NTIS/ PS- 
78/1261  /3,  Dec.  1978.  236  pp. 

N79-16144# 

Cryogenic  cooling  of  electronic  equipment,  infrared  equipment 
cryogenic  storage  vessels,  magnetohydrodynamic  generators,  and 
superconducting  magnets,  coils,  rotating  machinery,  and  transmis¬ 
sion  lines  is  reported.  Marine  refrigeration  of  liquefied  natural 
gas.  cryogenic  heat  pipes,  cryogenic  heat  transfer,  and  space  appli¬ 
cations  are  studied.  Methods  investigated  include  adiabatic 
demagnetization,  electrocaloric  effect.  Joule-Thompson  effect, 
thermoelectric  cooling,  and  Crayton,  Claude.  Gifford-McMahon, 
Sterling,  and  Vuilleumier  cycles.  This  updated  bibliography  contains 
229  abstracts,  none  of  which  are  new  entries  to  the  previous  edition 
•National  Technical  Information  Service,  5285  Port  Royal  Road. 
Springfield.  VA.  22161 

A8  *Reed,  William  E.:  Cryogenic  Refrigeration,  Vol.  3.  A  Biblio¬ 
graphy  With  Abstracts.  Progress  Rep .  Nov  1977 -Nov  1978.  84  pp 

N79-16145# 
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Cryogenic  cooling  of  electronic  equipment,  infrared  equipment 
cryogenic  storage  vessels,  magnetohydrodynamic  generators,  and 
superconducting  magnets,  coils,  rotating  machinery,  and  transrms 
sion  lines  is  reported  Marine  refrigeration  ot  liquefied  natural 
gas.  cryogenic  heat  pipes,  cryogenic  heat  transfer,  and  space  appli¬ 
cations  are  studied  Methods  investigated  include  adiabatic 
demagnetization,  electrocaloric  effect.  Joule-Thomson  effect, 
thermoelectric  cooling,  and  Crayton.  Claude,  Gifford- McMahon, 
Sterling,  and  Vuilteumier  cycles  This  updated  bibliography  contains 
77  abstracts,  all  of  which  are  new  entries  to  the  previous  edition 

•National  Technical  Information  Service.  5285  Port  Royal  Road. 
Springfield.  VA.  22161 

A9  'Wigley.  D  A  Materials  for  Low -Temperature  Use.  Engi¬ 
neering  Design  Guide,  no  26,  Design  Council.  Oxford  Umv  Press. 
London,  England.  1978  37  pp 

N83- 78254 

Includes  the  effect  of  temperature  on  the  strength,  toughness, 
and  basic  failure  mechanisms  in  metals  Also  includes  the  influence 
of  cracks  and  flaws— fracture  toughness  and  time -dependent  fail¬ 
ure  Discusses  the  effect  of  temperature  on  the  mechanical  proper¬ 
ties  of  non-metals  and  the  effect  of  temperature  on  the  physical 
properties  of  metals  and  non-metals. 

•Applied  Cryogenics  and  Materials  Consultants.  Basm  Road  Indus¬ 
trial  Center,  P  O  Box  765.  New  Castle.  DE.  19720 

A10  'Webster.  T  J  Latest  Developments  in  Cryogenic  Safety. 

Presented  at  9th  International  Cryogenic  -Engineering  Conference 
(ICEC9).  Kobe.  Japan.  May  11-14.  1982  NASA  CR- 166087,  Mar 
1983  15  pp 

A82- 46474# 
N83- 36276# 

Some  general  aspects  of  cryogenic  safety  are  highlighted,  and 
attention  is  drawn  to  some  of  the  more  unusual  hazardous  situations 
An  awareness  of  the  physical  properties  of  the  cryogenic  fluids 
being  dealt  with  is  important  in  directing  attention  to  hazardous 
situations  which  may  arise  Because  of  this,  the  more  important 


properties  of  the  cryogenic  fluids  are  given,  such  as  molecular 
weight,  boiling  point  and  freezing  point  From  these  properties, 
hazardous  situations  can  be  deduced  There  are  hidden  dangers 
that  are  not  always  easy  to  spot  Some  of  the  unexpected  hazards, 
most  ot  which  have  led  to  deaths,  are  asphyxiation  (anoxia),  frostbite 
and  hypothermia,  explosions,  and  combustion  The  aim  ot  this  publi¬ 
cation  is  to  help  bring  about  increased  safety  in  the  production  and 
use  of  cryogenic  products  through  a  deeper  appreciation  of  the 
scientific,  technological  and  administrative  steps  which  must  be 
made  if  accidents,  some  fatal,  are  to  be  avoided  <n  the  future 

•Applied  Cryogenics  and  Materials  Consultants.  Basin  Road  Indus¬ 
trial  Center.  P  O  Box  765.  New  Castle.  DE.  19720 

A1 1  British  Cryogenics  Council:  Cryogenics  Safety  Manual— A 
Guide  to  Good  Practice,  Second  edition.  Mechanical  Engineering 
Publications.  Ltd..  London.  1982.  115  pp. 

TP482.B7.  1982 

This  manual  constitutes  a  revision  of  the  original  Cryogenics 
Safety  Manual  published  in  1970.  It  is  aimed  at  those  who  are 
engaged  in  the  production,  handling,  and  use  of  cryogenic  fluids, 
whether  on  a  large  scale  in  industry  or  on  a  small  scale  in  research. 

The  manual  consists  of  five  parts,  the  first  of  which  is  concerned 
with  general  safety  requirements  relating  to  all  the  cryogemc  fluids 
and  explains  the  hazards  to  health  and  the  general  precautions 
necessary  in  handling.  The  remaining  four  parts  deal  with  specific 
fluids,  in  groups  or  individually.  Thus,  Part  II  is  concerned  with 
oxygen,  nitrogen,  and  argon,  while  Part  III  deals  with  liquefied  natu¬ 
ral  gas.  ethylene,  and  ethane.  Part  III  also  contains  nine  Hazard  Data 
Sheets,  describing  the  particular  hazards  associated  with  methane, 
ethylene,  ethane,  propylene,  refrigerant  22.  benzene,  hydrogen  sul¬ 
phide.  butane,  and  propane.  Part  IV  is  concerned  with  the  particular 
problems  of  handling  hydrogen,  and  Part  V  deals  with  the  inert  gases 
helium  and  neon. 

The  revision  has  been  undertaken  by  a  working  group  of  the 
British  Cryogenics  Council,  bearing  in  mind  the  need  for  improved 
safety  training  and  the  continuing  development  and  improvement  of 
safety  techniques  and  equipment  Experience  has  shown  that  aft 
cryogenic  fluids  can  be  handled  safely,  provided  certain  precau¬ 
tions  are  observed,  it  is  the  purpose  of  this  revised  Cryogenics  Safety 
Manual  to  focus  attention  on  the  basic  precautions  which  are 
necessary 
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I  ranscript  of  Discussions 


I  his  appendix  contains  a  near  verbatim  transcription  ol  announcements,  discussions,  and  comments  made  during  the 
AGARD-HM*  \  Kl  Special  t'oursc  Cryogenic  I et  hnology  for  Wind  funnel  lestmg  held  at  the  von  Kantian  Institute.  April 
22-26.  I  9K 5  (t  is  intended  to  supplement  the  formal  course  notes. 


Welcome  (J.  Wendt) 

John  W  endt 

( .ood  morning,  ladies  and  gentlemen. 

My  name  is  John  Wendt.  I’m  the  Dean  of  Faculty  at  the  von  Karman  Institute,  and  on  behalf  of  the  Director.  Professor 
( iinoux.  I  would  like  to  welcome  you  to  this  AGARD  Fluid  Dynamics  Panel  —  VK1  Special  Course  on  Cryogenic 
Technology  for  Wind  Tunnel  Testing.  I  think  the  Director  of  the  Lecture  Series,  Dr.  Kilgore,  has.  with  his  Lecturers, 
assembled  a  very  interesting  set  of  notes.  He  will  say  something  about  those  notes  in  just  a  few  minutes.  I  think  we  have  a  very 
interesting  week  ahead  of  ourselves  exploring  this  very  interesting  new  technology. 

Before  we  get  under  way .  I  would  like  to  take  just  a  few  minutes  of  your  time  to  say  something  about  the  von  Karman 
Institute  lor  the  benefit  of  those  of  you  who  have  never  been  here  before. 

We  were  formed  as  the  Training  Center  tor  experimental  Aerodynamics  in  1 95ft,  under  the  leadership  of  Professor  von 
Karman.  and  we  were  formed,  really. as  an  experiment  in  international  education.  The  Institute  was  renamed  in  Professor 
son  Karman  s  honor  at  the  time  of  his  death  in  1963  and  the  present  name.  The  Institute  for  Fluid  Dynamics,  I  think  more 
correctly  represents  our  activities  m  the  present  time. 

The  Institute  is  affiliated  with  NATO  with  the  North  Atlantic  Treaty  Organization.  We  currently  receive  support  from  1 3 
of  the  N  A  H )  nations,  and  we  close  our  budget,  if  you  will,  by  carry  ing  out  contract  research  for  private  industries,  and 
government  agencies  as  well,  from  a  number  of  different  countries. 

( )ur  faculty,  as  befits  an  international  institute,  is  itself  international  in  character.  We  have  six  nationalities  represented  on  a 
faculty  of  I  3  people,  at  the  present  time.  The  total  personnel  complement  of  the  Institute  is  about  60  persons. 

The  students,  of  course,  also  are  international  in  character.  They  come  from  virtually  all  of  the  Western  European  countries 
and  North  America,  as  well.  A  typical  student  year  at  the  VKI  will  comprise  something  like  1 0  different  nationalities. 

1  want  to  show  you  a  few  slides  that  characterize  our  activities,  and  in  particular,  mention  some  of  our  educational  programs. 
When  we  started  the  Institute  in  1 936.  we  started  it  with  one  program  that  we  called  our  Diploma  Course  in  Theoretical  and 
Experimental  Fluid  Dynamics.  And  that  course  is  a  9-month  program  of  research  and  teaching,  in  the  classical  sense,  and 
students  who  complete  that  program  are  typically  going  off  into  private  industry. 

The  first  slide  says  something  about  history,  for  those  of  you  who  enjoy  history.  You  see  that  this  Institute  has  been  active 
long  befort  1 95ft  in  aeronautical  problems.  In  fact,  the  site  in  which  we  are  now  holding  this  meeting  was  the  Belgium 
Aeronautical  Research  Establishment.  It  was  founded  in  the  late  1920's  and  here’s  a  picture  of  some  very  interesting 
helicopter  research  that  was  carried  out  at  the  VKI  back  in  1 932. 

Here's  Professor  von  Karman  himself  silting  at  the  controls  of  that  helicopter.  They  did  not  allow  him  to  fly  it  but  they  did 
allow  him  to  sit  at  the  controls,  at  least.  So  you  see  that,  in  fact,  research  in  fluid  dynamics  has  been  going  on  at  the  VKI.  or  at 
least  within  these  buildings,  for  a  long  period  of  time. 

Coming  back  to  these  educational  programs  that  I  mentioned  earlier,  our  Diploma  Course  is  followed  by  students  typically 
with  an  engineering  degree.  It  takes  about  9  months  period  of  time,  and  most  of  our  students  go  on  to  a  professional  career  at 
the  conclusion  of  that  course.  However,  some  student  who  are  particularly  interested  in  basic  research  may  remain  at  the 
Institute  and  participate  in  what  is  really  a  doctoral  program,  a  program  that  we  carry  out  in  conjunction  with  national 
universities,  usually  universities  here  in  Belgium,  but  universities  in  France,  Germany,  the  United  States,  and  the  U.K.  have 
participated  as  well. 

On  the  other  hand,  there  are  a  certain  number  of  students  who  are  not  interested  so  much  in  basic  research,  but  more  in 
applied  research,  and  can  remain  at  the  VKI  for  additional  periods  of  time  to  participate  very  closely  in  our  contract  research 
program. 

In  total  we  have  approximately  50  to  53  students  per  year  who  are  participating  in  these  three  full-time  programs. 


In  addition  to  those  programs.  we  oiler  a  number  of  shorter  programs.  I  he  I  ecture  Series  is  one  obvious  example.  We  oflei 
lit  til  these  Lecture  Series  per  year,  and  the  si/c  ot  this  audience  is  slightly  larger  than  the  average,  which  is  about  45  persons 
I  tom  outside  ol  the  YKI.  But  of  course,  our  students  are  also  encouraged  to  participate  m  the  Short  Courses  as  well,  as  an 
excellent  wax  to  not  only  meet  the  experts  in  the  field  who  are  lecturing,  but  to  meet  those  of  you  in  the  audience  who  might 
be  future  employers  of  those  students  and  to  make  some  useful  contacts 

( )iher  short  programs  that  we  organize  include,  in  particular,  one  which  might  be  ol  interest  to  people  from  universities,  and 
that  is  our  Stagiaire,  or  short  training  program.  We  encourage  university  students  to  spend  one  or  tw  o  months  working 
integrated,  really,  into  an  on  going  research  program  at  the  VKl.  and  in  this  wav,  to  learn  something  about  the  workings  of  a 
fluid  dynamics  research  laboratory  and  something  of  the  order  of  Ml  or  70  undergraduate  students  are  participating  in  that 
program  even  year. 

The  international  character  of  the  Institute.  I  think,  is  shown  by  this  slide  w  hich  talks  about  the  full-time  programs  of  the 
Institute  since  their  conception  in  195b  and  the  sizes  of  the  little  squares  are.  of  course,  meant  to  be  proportional  to  the 
number  of  students  that  have  attended  those  full-time  programs  since  the  beginning  of  the  Institute. 

Now  .  very  quickly.  I’d  like  to  pass  through  the  activities  of  our  three  major  Departments.  They  are  Aeronautics, 
environmental  and  Applied  Fluid  Dynamics,  and  Turbomachinery.  And  in  each  of  those  Departments,  with  the  aid  of  a  few 
slides.  1  will  try  to  show  you  some  of  the  work  that’s  going  on.  Now  we  do  have  an  active  computational  group,  as  well,  that 
crosses  all  of  the  lines  that  I’ve  indicated  by  departmental  names;  although,  in  addition,  within  each  Department,  there  are 
faculty  members  who  are  involved  in  computation  work.  In  fact,  computational  work  probably  now  totals  something  like 
40%  of  our  total  activity  by  full-time  faculty  and  students  alike,  but  in  slides,  one  generally  is  going  to  be  interested  in 
show  ing  facilities  or  experiments  rather  than  the  particular  computational  results. 

I'll  pass  very  quickly  through  this. 

We  have  a  .1  metre  low-speed  wind  tunnel.  We  re  interested  in  wing-bodv  interactions,  swept  wings  in  sideslip,  afterbody 
drag,  vortical  flows  on  delta  wings  including  compressibility  effects  on  vortex  breakdown,  as  well  as  vortical  flow  s  on  long 
ogive  cylinders  at  high  angles  of  attack. 

Transonic  wind  tunnel  design  for  reduction  of  interference  effects.  The  primary  interest  being  the  development  of  techniques 
to  be  used  in  2 -dimensional  wind  tunnels  for  corrections  on  3-dimensional  shapes.  The  minimizing  of  interference  errors. 

Shock-wave  boundary-layer  interactions,  as  shown  by  this  type  of  laminar  2 -dimensional  interaction,  as  well  as  the  swept 
shock  wave  interaction  studied  with  laser  doppler  anemometry  and  Navier-Stokes  codes,  as  well. 

And  finally,  in  the  hypersonic  regime,  we  have  a  Mach  1 5  to  Mach  20  long  shot  wind  tunnel  which  is  capable  of  very  high 
Reynolds  number  operation  for  the  study  of,  again,  shock-boundary  layer  interactions  or  shock-shock  interactions,  the  types 
of  heal  transfer  problems,  in  general,  that  are  faced  in  re-entry. 

In  the  field  of  Environmental  and  Applied  Fluid  Dynamics,  there  is  quite  a  wide  range  of  activities  that  arc  covered  within 
that  Department.  Flows  around  various  types  of  buildings  and  structures,  including  cooling  towers,  as  well  as  the  internal 
aerodynamics,  including  heal  transfer  of  the  flows  in  those  cooling  towers.  Suspension  bridges.  The  stability  of  Suspension 
bridges  in  cross  winds,  so  dynamic  problems,  various  dynamic  structural  problems.  Also  automobile  aerodynamics. 

This  slide  reminds  me  that  also  there’s  quite  a  hit  of  work  done  on  the  dispersal  of  toxic  gases,  heavy  toxic  gases  of  the  type 
that  might  be  released  in  an  industrial  accident.  So  the  dispersion  characteristics  as  well  as  the  way  to  reduce  those 
concentrations.  Heat  transfer  in  gas  breeder  nuclear  reactors  and  heat  exchanger  problems  in  general. 

In  the  field  of  Turbomachinery,  we  work  in  all  aspects  of  turbomachines,  compressors,  pumps,  and  turbines,  with  the 
exception  of  those  problems  involving  chemical  reactions.  Problems  involving  stall,  for  example,  and  prediction  of  stall  and 
the  behavior  of  a  rotary  system  in  stall.  The  development  of  instrumentation  techniques,  such  as  telemetry  to  broadcast 
information  out  from  high  speed  rotating  parts,  such  as  pressure  distributions  on  blade  surfaces.  The  development  of  high 
pressure  ratio  radial  compressors.  This  is  an  example  of  a  wheel  that  has  been  designed  and  constructed  at  the  Institute.  And 
heat  transfer  problems,  as  exemplified  by  this  turbine  blade  which  contains  slots  and  holes  for  film  cooling  effects  as  well  as 
heat  transfer  gages  for  measuring  heat  transfer  distributions. 

And  finally,  in  the  Computational  area,  again  the  Navier-Stokes  codes  developed  for  examining  the  techniques  themselves 
and  therefore  applied  to  certain  classical  problems,  certain  GAMM  workshop  problems,  that  are  deemed  now  classical 
problems  for  the  testing  of  various  Navier-Stokes  techniques,  in  particular,  the  How  over  backward -facing  steps. 

That  summarizes  our  activities  at  the  Institute  and,  of  course,  during  the  week  if  any  of  you  have  an  interest  in  finding  out 
more  about  what  we  are  doing.  I’ll  be  very  happy  to  arrange  for  you  to  see  the  people  directly  involved. 

I  d  like  to  mention  a  few  logistic  considerations  now. 

First  of  all.  we  will  take  lunch  each  day  in  the  restaurant  of  the  Ministry  of  C  ommunications  and  Transport,  which  is  about 
1 50  metres  in  that  direction,  further  on  through  the  Institute.  You  just  follow  someone  else  who  seems  to  know  where  he  is 
going  and  you  will  probably  end  up  at  the  right  place  because  there  are  a  number  of  familiar  faces  in  the  crowd  here,  people 
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who  know  how  we  re  organized.  The  lunch  breaks  are  meant  to  be  relatively  long,  an  hour  and  a  half  or  so  typically,  in  order 
to  give  you  good  time  to  meet  with  one  another  and  to  exchange  some  information  privately  That  also  occurs  very  often  at 
coffee  breaks,  and  their  will  be  a  break  each  morning  and  afternoon. 

As  far  as  the  other  arrangements  are  concerned,  we  do  invite  you  to  a  cocktail  in  the  canteen  ...  which  is  the  place  in  w  hich 
you  registered  this  morning ...  at  5  o'clock  this  afternoon. 

Thai  means  that  today  the  bus  will  leave  at  h  o'clock.  On  other  days  it  will  leave  at  5  o’clock,  however  with  two  exceptions. 

As  you  will  notice  from  the  schedule,  we  are  giving  you  Wednesday  afternoon  free  to  do  some  shopping  or  some  tourism, 
and  we  w  ill  alsoelo.se  the  meeting  at  noon  on  Friday.  That  means  that  on  Wednesday  and  Friday  the  buses  w  ill  leave  at  1 : A 0 . 

If  you  have  any  questions  concerning  arrangements,  I’ve  written  the  name  of  our  Secretary,  Madame  Rigaux.  Her  office  is 
located  on  the  first  floor ...  not  the  ground  floor,  but  the  first  floor ...  in  the  next  building, ...  which  you  must  enter  from  the 
front  door  where  the  sign  says  "Reception" ...  our  Administration  building. 

.Also,  within  that  building,  you  u  ill  find  a  Telephonist  in  case  any  of  you  wish  to  make  telephone  calls,  you  just  place  your 
calls  with  her  and  she  will  connect  you  and  charge  you  for  those  calls  afterwards,  unless  they  are  local  calls,  of  course. 

We  will  organize  two  tours,  and  they  will  take  place  tomorrow  at  1 :3()  and  Thursday  at  1 :3(),  with  the  people  participating  in 
those  tours  meeting  here  in  this  room  at  1 .30.  And  what  1  suggest  is  that ...  first  of  all,  the  tours  are  entirely  optional,  some  of 
you  have  seen  the  Institute  on  a  number  of  occasions ...  what  I  suggest  is  that  those  of  you  sitting  in  the  first  4  rows  who  wish 
to  make  the  tour  please  do  so  on  Tuesday  at  1 :30,  and  that  those  of  you  sitting  in  the  remaining  rows,  please  make  the  tour  on 
Thursday  at  1 :30.  That  will  keep  the  numbers  approximately  equal,  and  we  will  divide  each  group  into  two  parts  so  as  to  give 
you  some  more  individual  attention. 

Finally,  for  reasons  that  I  need  not  go  into,  I  would  like  to  call  your  attention  to  the  last  note  on  the  board.  It’s  perfectly  all 
right  if  some  of  you  wish  to  leave  your  automobiles  at  the  Institute  during  the  week  and  simply  go  back  and  forth  with  the  bus. 
I  know  that  a  certain  number  of  participants  prefer  to  do  this.  That’s  perfectly  all  right.  But.  if  you  do  this,  you  must  give  to 
me  the  number  of  your  license  plate  and  your  name  so  that  we  have  that  information  on  file.  Otherwise,  you  may  come  here 
the  next  day  and  find  that  your  ear  has  disappeared.  It’s  simply  no  longer  a  good  idea  to  leave  unidentified  cars  next  to 
buildings  which  are  associated  with  NATO.  That  summarizes  that  matter.  1  think,  clearly  enough,  if  you’ve  been  reading  the 
newspapers  over  the  weekend. 

Now  I’d  like  to  turn  the  meeting  over  to  our  Lecture  Series  Director.  But.  first  of  all.  I  would  like  to  call  your  attention  to  the 
fact,  again,  that  this  Lecture  Series  is  co-sponsored  by  AGARD,  and  Mr.  Bob  Rollins  from  AGARD  is  here. ...  he's  raising 
his  hand  over  in  the  corner ...  so  if  any  of  you  need  to  see  Mr  Rollins,  who  is  the  Executive  for  the  Fluid  Dynamics  Panel  of 
AGARD.  you  know  where  to  find  him 

Now  it’s  with  great  pleasure  that  I  turn  the  meeting  over  to  Dr.  Robert  Kilgore,  who  is  the  Lecture  Series  Director,  and  has 
done  really  a  magnificent  job.  I  think,  in  putting  together  a  very  interesting  program. 

Dr.  Kilgore  is  Head  of  the  Experimental  Techniques  Branch  at  NASA  I^ngley  and  will  be  in  charge  of  the  rest  of  this 
meeting.  I  will  act  as  the  Local  Coordinator  and,  therefore,  will  be  the  target  of  all  problems  that  you  have  during  the  week 
and  will  do  my  best  to  solve  them. 

So.  Bob. 


Introduction  to  Special  Course  (R.A.  Kilgore) 

Robert  Kilgore 


Yes.  all  problems  should  be  addressed  to  John. 

I'm  going  to  make  this  very  brief  so  that  we  can  get  on  with  the  Special  Course. 

Doing  this  reminds  me  ...  although  I  have  no  personal  experience  ...  of  being  pregnant.  Whether  you  are  ready  or  not,  after 
about  9  months  it’s  going  to  happen.  And  it's  about  the  same  period  of  time  that  we’ve  had  to  organize  and  get  this  particular 
Lecture  Series  together.  Most  everything  has  fallen  into  place  very  nicely.  At  the  end  of  the  week  well  make  an  assessment  of 
how  well  things  actually  have  gone. 

The  bound  volume  contains  all  but  one  of  the  papers.  At  the  end  of  the  coffee  break,  which  we  will  take  after  Mike  |Goodyer| 
finishes,  in  roughly  an  hour,  we  will  have  these  packages  open  (pointing  to  several  packages  at  the  front  of  the  room),  the 
papers  that  are  in  here  in  French  will  have  English  translations  which  will  be  available.  There  will  be  other  material ... 
assuming  the  mails  have  gotten  through  ...  that  we  will  hand  out  at  that  time. 


I  mentioned  to  one  person  this  morning ...  I  think  it  was  Dick  Cole,  coming  from  the  west  coast  of  the  United  States.  Those  of 
you  from  North  America  get  to  nod  off  this  morning  but  not  snore.  It  certainly  is  a  tremendous  jet  lag  for  those  of  you  who 
arrived  yesterday. 
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VViih  that,  and  perhaps  leaving  out  .1  lew  dungs  that  could  be  said,  lei  me  intioducc  our  hrsi  speaker .  Mike  C  loodyei  ( )ne  ol 
the  bits  ot  material  that  will  he  handed  out  will  be  a  package  containing  biographical  sketches  ol  all  the  lecturers  And  the 
purpose  ol  the  biographical  sketch  is  to  keep  me  horn  standing  up  here  and  tot  gelling  the  important  things  and  saying  the 
trivial  things.  The  impoitant  things,  in  laet.  are  printed 

Most  ol  you  ...  since  we  don't  have  the  material ...  most  of  you  do  know  Mike  and  his  very  long  association  with  cryogenic 
tunnels.  He  hosted,  in  April  ot  ll>?d.  the  hirst  International  .vmposium  on  Cryogenic  Wind  1  unnels.  He  was  involved,  more 
than  intimately  ...  it  was  his  idea  in  1 07 1 . 1  think  n  was  ...  Mike,  it's  getting  so  far  hack  it's  hard  to  remember ...  u  was  Mike's 
idea  that  we.  in  tact,  cool  the  test  gas  m  order  to  increase  the  Reynolds  number,  which  is.  ol  course,  the  basis  ol  the  C  ,ogemc 
1  unnel  Concept.  In  addition  to  ihc  International  Symposium  m  April  of  ’7U,  Mike  was  the  Director  of  a  Special ...  rather,  a 
l  ecture  Series  held  at  VKI  in  May  of  Id, SO  and  in  the  United  Stales,  at  I  angles .  1  guess  in  the  same  month.  May  of  SO.  This 
Special  Course  is  a  tollow  on  to  that  Lecture  Series,  and  1  felt  it  very  appropriate  that  Mike  (ioodyer  tic  the  two  together  with 
the  opening  presentation  at  this  Special  Course  So.  the  extra  details  you  want  to  read  on  Mike  will  be  in  the  hand  out.  And 
with  that,  let  me  let  Mike  lake  over. 


Lecture  No.  I 

Introduction  to  Cryogenic  Wind  Tunnels  (M.J.  Goodyer) 

Mike  Goodyer 

(  an  you  hear  me'*  Is  it  transmitting  *  O.K. 

Well,  good  morning,  ladies  and  gentlemen. 

I  interpreted  my  task,  this  morning,  to  deliver  to  you  a  relatively  basic  introduction  to  cryogenic  wind  tunnels,  which  will 
include  some  historical  details  of  the  era  running  up  to  the  beginnings  of  the  development  of  the  jcryogenic|  w  ind  tunnel,  so  it 
is  slightly  historical  as  well  as  rather  basic  from  the  fluid  mechanic  point  of  view. 

Now  let  me  just  get  the  slides  organized.  That  looks  like  the  advance  button.  We’ve  moved  on  2  then,  so  let's  go  hack. 

Now  we  have  1.5  slides. 

(laughter) 

bad  dreams  are  made  up  of  moments  like  this. 

< Then  follows  the  first  lecture) 

(  There  w  as  no  discussion  following  either  Lecture  1  or  Lecture  2) 

Discussion  following  Lecture  No.  3  (D.A.  Wigley) 

Stan  Griffin 

Most  materials  have  better  properties  at  cryogenic  temperatures.  We  expect  to  run  the  NTT  models  at  both  ambient  and 
cryogenic  temperatures  or  in  an  ambient  tunnel  prior  to  testing  in  (he  NTT.  Is  it  true  that  the  strength  of  the  model  would  be 
reducer!  at  the  ambient  temperatures  ’ 

Wigley 

Very  much  reduced,  in  that  case. 

( i  riff  in 

And  in  the  case  of  Nitronic  40.  from  w  hat  I  remember,  the  Nitronie  40  model  would  not  be  strong  enough  to  go  into  a 
conventional  tunnel.  Is  that  correct'* 

Wigley 

Probably  not  a  conventional  fully  pressurized  tunnel.  No. 

<  inf  fin 

As  I  remember.  Nitronic  40  has  very  good  cryogenic  properties  but  not  very  good  room  temperature  properties. 


(  -S 


Wiglcy 

Well,  if  you  turn  to  the  appendix  of  my  personal  albatross,  we  ought  to  be  able  to  pull  the  figures  straight  out  of  that,  because 
that's  one  of  the  materials  ...  yes.  Nit  runic  40. ...  it's  400  MPa  at  room  temperature,  which  is.  in  fact,  quite  low.  and  HD4  at 

77  K.  So  ... 

Griffin 

It’s  degraded  more  than.  say.  maraging  200. 

Wiglcy 

That’s  right.  Essentially .  a  ferritic  steel  has  a  relatively  high  ratio  of  yield  stress  to  ultimate  stress.  Whereas,  an  austenitic  steel 
has  a  relatively  low  yield  stress  and  a  long  degree  of  work  hardening  before  it  gets  up  to  the  ultimate.  And.  of  course,  it 
depends  on  ...  I  mean,  you're  not  really  designing  to  any  code  ...  if  you're  designing  to  ASMH  VIII.  where  it  would  be  a 
quarter  of  ultimate  stress,  you'd  get  a  different  result  than  if  you're  designing  to  one  of  the  BS  codes  which  allow  s  you  to 
design  on  two  thirds  of  the  proof  stress,  where  you  get  a  better  design  point  for  the  maraging  or  ferritic  steels  than  you  would 
get  for  the  austenitic  steels. 

I  think,  again,  it's  the  problem  that  any  multi-roll  aircraft  or  multi-roll  component  ...  you  lose  something.  So  if  you're  asking 
that  a  model  will  work  at  room  temperature  and  cryogenic  temperature,  you're  making  life  even  more  difficult  than  il  is 
already,  just  going  cryogenic. 

(i  riff  in 

And  yet,  in  a  practical  sense,  I  think  the  model  manufacturer,  or  the  model  designer,  will  want  to  use  his  model  in  both  eases. 

I  le  can't  do  all  of  his  testing  at  cryogenic  temperature.  So  he  has  to  have  both  capabilities. 

Wiglcy 

That's  right.  So ...  1  mean,  something's  got  to  give.  You  can  t  have  everything. 

Kilgore 

Dave.  I  saw  some  other  motion.  If  you  want  to  direct  traffic  with  the  questions  ... 

Unidentified  speaker 

You  told  us  that  welding  for  maraging  steel  was  possible.  Do  you  have  any  experience  in  the  behavior  of  this  material  in 
respect  to  fatigue  life? 

Wiglcy 

I  personally  don’t.  I  said  that ...  I  think  you  can  electron  beam  weld  maraging  steel.  I  don't  know  about  ordinary  standard 
fusion  ...  you  know  ...  metal  arc  welding  ...  to  the  extent  as  to  how  much  it  degrades  the  properties.  But  undoubtedly,  in  order 
to  gel  maraging  steel  into  the  toughness  condition  to  allow  it  to  be  used  at  low  temperature,  the  parent  metal  is  already  only 
just  good  enough. 

Now  virtually  any  welds,  where  you  have  got  the  columnar  grains  and  the  recrystalization,  you've  got  a  lower  toughness  in  the 
weld  zone  than  you  have  in  the  parent  metal.  So  l  very  much  suspect  that  you  could  not  do  an  ordinary  bulk  welding  process 
on  a  maraging  steel  and  still  pick  up  the  minimum  toughness  required  for  a  tunnel  application. 

Now.  the  electron  beam  weld  with  a  laser,  where  you’ve  got  a  very  much  better  control ...  O.K.,  that’s  something  different. 

But.  actually  physically  joining  large  sections  together  using  conventional  fusion  welding.  I  don't  think  would  be  a  sensible 
fabrication  route. 

Unidentified  speaker 

(Unintelligible  question) 


Wiglcy 

Well,  again,  I  think  that  there  is  experience  building  up  that  it  is  possible  and  Stan  |Griffin|  knows  more  about  it  tnan  anybody 
else  in  the  room. 

Griffin 


We  did  some  samples  of  maraging  200,  and  we  did  laser  weld  joints,  and  we  did  structurally  lest  before  and  after,  and  wc 
didn't  see  any  degradation. 
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Wiglev 

Bui  you  would  agree  that  ordinary  fusion  welding ... 

(i  ri  ft in 

As  tor  fusion  welding,  and  its  use  in  a  cryogenic  environment,  well.  I  don't  have  any  experience.  We  didn't  try  il 
Wigley 

But  your  gut  feeling  is  ... 

(iriffin 

I  would  tend  to  feci  that  it  would  not  work. 


Wigley 


Yes.  That's  what  I  thought. 

(  P.  Buddy"  Young 

Dave,  the  PB  welds  on  the  X-2VJA  model ...  the  properties  were  unchanged. 


Wigley 


They  were?  O  K  .  so  there  is.  you  know,  there  is  experience  building  up  now.  And  again,  all  that  second  batch  of  slides  that 
I've  showed  you  on  the  dimensional  stability  ...  the  larger  specimen  ...  that  w  as  on  the  new  titanium,  cobalt-free  maragmg 
steel.  And  the  experience  building  up  there,  so  far.  looks  good.  It  looks  as  if  it's  got  a  better  toughness,  but  that  all  the  other 
advantageous  properties  of  ma raging  steel  are  maintained. 

Yes? 

Unidentified  speaker 


It's  a  question  again  about  maraging  steel.  You  said  that  the  250  grade  maraging  steel  is  used  for  stings  and  for  model 
support,  and  that  the  20(1  grade  maraging  steel  is  used  for  model  parts,  because  the  low -temperature  toughness  is,  of  course, 
too  low,  for  the  250  to  use  it  for  model  parts.  So.  in  fact,  that  is  a  question  of  design  philosophy.  You  are  taking  larger  risk  for 
the  mode!  support  and  for  the  slings. 

Wigley 


> 


I  think  ... 

Unidentified  speaker 

Of  course,  if  the  sting  breaks,  the  model  goes. 

Wigley 

That's  not  my  expertise.  1  bow  to  a  lot  of  others  in  this  room. 

Young 
Dave  ... 

Wigley 

I  would  rationalize  it.  basically,  that  the  sting  is  a  very  much  simple  solid  of  revolution,  you  can  get  a  nice  surface  finish  on  it, 
you  gel  the  stress  concentrations  out  of  it.  Whereas  a  typical  model,  you  are  going  to  have  holes  cut  in  il,  you’re  going  to  have 
changes  of  section,  you’re  asking  more  of  the  model  for  safety  ... 


Dave,  we  do  not  use  250. 
Wigley 


You  don’t  use  .,.?  I  thought  somebody  was  using  250. 


It  was  used  before.  For  balances.  But  not  for  NTF. 

Wigley 

OK. 


Kilgore 

You  still  gave  a  good  reason.  I  think  the  sting  is  much  easier  to  analyze  as  well  as  to  finish. 
Wigley 

Yes.  It  was  considered  for  the  sting. 

Kilgore 


I'm  not  sure. 

Young 

Not  very  long. 

(Laughter) 

Wigley 

Well,  see,  there  again  it's  a  question  ...  you  know,  a  question  of  evaluating  the  risks,  and  looking  sensibly  at  where  this  trade 
off  between  strength  and  toughness  is. 

Unidentified  speaker 

I  want  to  know  which  is  the  concept  we  look  for  higher  stress  and  does  it  affect  us  comparing  with  real  life  model  we  are  using 
today. 

Wendt 

Can  you  repeat  the  question,  Dave? 

Wigley 

It's  to  do  with  how  you  chose  the  sort  of  stress  intensity  factors  at  the  design  stage  of  the  model  and  what  experience  that  has 
had  in  actual  use  of  the  model  in  the  tunnel.  Is  that  correct? 

Well,  as  far  as  I  understand  it,  that  information  is  sort  of  only  just  coming  out  inasmuch  as  if  we  re  talking  about  the  National 
Transonic  Facility,  it's  only  flown  one  or  two  models. 

I  think  in  terms  of  the  0.3  meter  tunnel,  you  have  a  less  demanding  environment.  Many  of  them  (models)  are  2-dimensional 
structures.  And  that  the  experience  has  been,  for  example,  with  the  beryllium  copper  model,  which  did  not  have  the  intrinsic 
toughness,  that  nevertheless,  it  performed  satisfactorily  in  service. 

But.  you  know,  where  do  you  ...  it’s  like  anything  else,  where  do  you  balance  off  the  risk  against  the  advantages?  1  mean  if  I 
had  a  pressure  vessel  sitting  underneath  my  chair,  I’d  want  a  damn  sight  higher  safety  factor  on  it  than  if  it  was  at  the  bottom 
of  somebody  else's  garden.  Perhaps  that's  a  rather  personal  way  of  looking  at  it,  but.  you  know,  safety  factors  are  there  to 
guard  against  some  form  of  potential  failure. 

Now.  you  take  the  case  of  a  space  rocket.  You  couldn’t  design  a  space  rocket  to  ASME  VIII.  It  would  be  so  damn  heavy  and 
thick  you  couldn't  get  it  off  the  ground.  So,  in  order  to  make  a  viable  space  rocket,  you  have  to  have  a  smaller  safety  margin. 
You  have  to  have  the  fracture  toughness  type  analysis  to  decide  what  are  the  risks.  Now,  perhaps  I'm  still  too  much  of  an 
academic  to  really  be  involved  in  risk  taking. 

Unidentified  speaker 


Because  some  metals  have  higher  life  ...  stress  fife,  and  lower  stress  intensity  factors  also,  but  which  is  important?  Higher 
stress  intensity  factor  or ... 


(  s 


Wiglcy 

f  (funk  perhaps  you'd  better  direct  (fiat  question  to  Budd\  Young.  Buddy  iv  at  the  sharp  end  of  the  business.  !'m  the  academic 


Kilgore 


This  is  ihe  perfect  plaee  to  take  the  eolfee  break,  because  Dr.  Young  is  going  to  get  into  the  details  of  model  design  and 
fabrication  for  the  N  IT. ... 


Wigley 


And  address  that  question. 


Kilgore 


...  where  things  like  this  are  specifically  addressed.  So  now's  the  time  to  enjoy  the  coffee  and  then  we  come  back  and  learn  all 
these  details. 

He  back  in  311  minutes. 

(Pointing  to  the  clock  on  the  wall)  This  is  a  trick  clock  on  the  wall.  It's  4  minutes  fast. 


Discussion  following  Lecture  No.  4  (C'.P.  Young) 

Kilgore 

Dr.  Young  has  left  sufficient  time  for  almost  any  number  of  short  questions,  and  perhaps  several  detailed  questions.  Buddy, 
let  me  let  you  field  them  from  there.  You  can  see  better  than  I  who  is  anxious  to  ask  a  question. 

Young 

OK. 

(ioodyer 

Did  the  specimen  that  found  its  way  around  ...  filler  material,  was  that ...  1  suppose  it  s  basically  a  bonding  test ...  was  that 
carried  out  in  a  wind  tunnel  environment?  By  that  1  mean,  with  rates  of  changes  of  temperature  fairly  typical  of  those  to  be 
expected ... 

Kilgore 

C  ould  everyone  hear  the  question?  O  K  If  the  question  comes  through  soft,  be  sure  and  repeat  it.  Buddy.  Apparently  they 
heard  that  one. 

Young 

Maybe.  The  question  had  to  do  with  whether  the  fillers  were  applied  in  a  wind  tunnel ...  representative  of  a  wind  tunnel 
environment. 

(ioodyer 

Yes. 

Young 

Actually  ,  what  was  done  there,  and  what  we  typically  do,  is  not ...  after  we  take  the  specimen  and  pul  the  filler  materials  on  it. 
it’s  subjected  to  a  very  rapid  temperature  drop.  We  have  a  cryo  tank  at  Langley,  which  allows  us  to  go  down  in  temperature 
very  rapidly,  so  it  s  a  more  severe  test,  if  you  will,  than  it  would  be  in  a  wind  tunnel.  Now  those  same  materials,  there,  that  you 
see  ...  at  least  some  of  them.  I  know  ...  have  been  put  on  actual  models  as  well  as  calibration  rakes  in  the  NTF.  So  it  sees  ... 
those  materials  see  the  actual  temperature  transient  of  the  model.  But,  basically,  it's  a  more  severe  test  than  what  the  model 
would  see. 

(ioodyer 


Is  it  a  bit  of  a  dunk  ? 


r-y 


\  oung 

We  have  a  tank  and  a  tray  We  don't  actually  immerse  it  hul  we  can  bring  it  down  in  temperature  very  rapidly.  We  put  it  right 
over  the  liquid  nitrogen  at  the  bottom  ol  the  tank. 

( toodyer 

I  hank  you. 

(iriffin 

Was  that  specimen  aluminum,  there.  Buddy  .’ 

>  oung 


Yes. 

(iriffin 

But  that's  not  the  material  that  the  model  is  going  to  be  made  of  so  if  you  run  that  at  cryogenic  temperature  that  isn't  realistic. 

Young 

No. 

Griffin 

Then,  what  we  were  doing  for  you.  we  had  maraging  200. 1  think  that  answered,  really,  what  Mike  was  talking  about. 

Young 

Yes.  but  the  spar  specimens  that  I  showed  you.  were  steel. 

(iriffin 

They  were  steel. 

Yes.  it's  really  kind  of  surprising  on  some  of  this  stuff  that  has  a  real  thermal  mismatch,  we  don't  see  much  happening  under 
load  and  under  cryo  cycling. 

(iriffin 


I  have  one  little  question. 

Kilgore 

Ask  it  very  loud  and  we  ll  not  have  to  repeat  it. 

(iriffin 

With  respect  to  the  lower  safety  factors  on  the  model,  obviously,  in  real  life,  when  you  come  to  test,  you're  working  with 
predicted  loads,  and  if  those  predicted  loads  aren't  correct,  then  you  are  ...  you  could  be  in  trouble.  Are  you  going  to  monitor 
the  loads  that  you  see  in  the  tunnel  with  either  the  balance  or  with  separate  strain  gages  ’ 

Young 

The  answer  is  yes  and  no. 

Right  now.  these  initial  models  ...  the  only  data  we  re  getting  off  the  Pathfinder  is  the  balance  data.  So  we  monitor  the  model 
from  that  point  of  view  .  On  some  of  these  models,  which  I  have  not  talked  about,  w  hich  are  going  to  go  to  very  high  q's. ... 
upper  end  of  the  test  envelope  ...  wc  arc  going  to  go  to  put  strain  gages  on  those  models.  We  sure  are.  We've  already  identified 
those  that  we  are  a  little  bit  uncomfortable  about  in  terms  of  know  ing  what  the  loads  are.  In  particular,  the  dynamic  loads 

As  a  matter  of  fact,  we  want  to  put  in  a  system.  Stan,  that's  going  to  be  permanently  in  the  wind  tunnel  facility  which  will ...  we 
can  acquire  the  data,  process  it.  and  do  a  spectral  analysis  on  it  and  that  sort  of  thing,  for  selected  models. 


Yes? 
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Luck 

l)o  you  see  any  limiting  pressure  in  the  NIL  as  to  mi  Hie  Is  using  materials  you've  got  at  the  moment?  Ami  to  avoid  high  loads, 
do  you  see  yourself  putting  a  ceiling  on  pressure? 

Young 

Well,  lor  those  airplane  models  that  we've  designed  so  far,  we  don't  have  a  problem  in  terms  of  meeting  the  desired  test 
envelope.  Now.  we've  got  some  body  of  revolution  models  that  the  researcher  wants  to  go  up  to  something  like  70(H)  psi  in  q. 
From  a  strength  point  of  view,  we’ve  been  able  to  design  those  models  to  do  that.  And  also  from  a  stability  point  of  view.  The 
problem  is  going  to  be  more  that  of  holding  ...  making  sure  you're  stable  under  those  conditions,  and  in  those  situations,  we're 
going  to  have  to  be  instrumented  so  that  we  can  see  what  (he  dynamic  load  components  are.  Hut,  we  re  going  to  run  into  some 
that  we're  going  lo  have  to  give  a  lot  of  attention  to.  Hut.  so  far,  we're  doing  that. 

Kilgore 


That's  a  long  enough  pause  without  a  question  to  stop. 


Discussion  following  lecture  No.  5  (C'.P.  Young) 

Kilgore 

Buddy,  plenty  of  lime  for  questions  if  you  want  to  field  them. 

Young 

Questions?  Yes. 

J  eanThri  stophe 

In  your  Tabic  7.  you  have  a  large  difference  for  total  cost  factor  for  maraging  with  grain  refined  or  not.  What  is  the  reason  for 
this  large  difference  with  grain  refined  or  not? 

Young 

Which  ... 

Christophc 

On  your  Tabic  7. 

Young 

Table  7. 0.K.  The  question  has  to  do  with  Table  number  7. 

Christophc 

It’s  about  the  total  cost  factor  for  maraging  steel. 

Young 

O.K.  I’m  on  Table  7.  Now  would  you  repeat  the  question,  please? 

Christophe 

The  question  is,  I  notice  there  for  maraging  steel  200.  you  have  two  cases  ...  with  grain  refined  and  not  refined.  There  is  a  lot 
of  difference  in  the  total  cost  factor.  How  do  you  explain  this  large  difference?  1 .10  and  ... 

Young 

The  first  is  0.85? 

Christophe 

Yes. 

Young 

O.K.  As  I  said  yesterday,  when  we  went  through  the  grain  refinement  process,  we  were  being  told  that  the  material  machines 
much  better  in  the  “grain  refined"  condition  than  in  the  received  ’  condition. 
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(hnsliipho 

Because  during  machining  there  is  nol  deformation? 
Young 


Hie  material  is  very  stable  Hither  way  Very  stable,  as  Dave  Wigley  said  yesterday.  Very  stable  both  ways.  The  difference 
there  is  based  on  our  experience  with  machining  the  Shuttle  model  component  out  of  a  450  pound  plate,  compared  to 
experience  in  machining  other  model  components  out  of  the  non-grain  refined  material.  What  it  says  is,  based  on  this  cost 
lactoi  ...  and  n  s  not  nothing  magic  about  it ...  purely  an  estimate  ...  that  the  machining  time  should  be  about  75  percent  for 
the  grain  refined  as  opposed  to  the  un-grain  refined  material. 


Unidentified  speaket 


You  showed  us  an  epoxy  airfoil  What  would  you  use  that  for?  Because  surely  you  can't  get  a  surface  finish  on  an  epoxy 
airfoil  (hat  is  smtKith  enough  to  serve  as  a  model. 

Young 

Well,  we  really  don't  know  what  we  can  get  yet.  That's  part  of  the  process  that  were  looking  at.  When  we  started  looking  at 
composites,  we  were  told  that  you  can  never  get  the  kind  of  surface  finish  that  you  can  get  out  of  metal.  But ... 

Unidentified  speaker 

Do  you  think  you  can? 

Young 

Pardon? 

Unidentified  speaker 
Do  you  think  you  can? 

Young 

Well,  I'm  going  to  ...  I  think  we  can  come  close.  What  I'm  doing  right  now  ...  I  think  I  mentioned  it  yesterday  ...  is  building 
some  instrumented  composite  horizontal  and  vertical  tails.  Now,  the  surface  finish  requirement  for  those  components  are  nol 
as  stringent  .is  for  the  wing.  But,  1  don't  think  we  can  get  to  8  to  1 0  rms,  but  I  think  we  can  maybe  get  around  30.  But.  I  was 
surprised  that  we  could  get  something  that  smooth.  The  2-D  that  was  tested  is  much  smoother  than  that.  The  problem  is 
measuring  it.  Were  not  sure  ...we  say  8  to  1 0 ...  were  not  sure  we  can  even  measure  that  with  some  of  the  equipment  that 
we've  got. 

Unidentified  speaker 


This  implies  that  if  you  can  get  a  good  surface  finish  you  can  also  get  a  good  ... 

Young 

Tolerance? 

Unidentified  speaker 
...  geometrical  form. 

Young 

Yes.  Yes.  You  see  ...  what  you  do,  after  you  lay  that  up,  you  can  machine  that  down  to  pretty  close  tolerance.  I  don't  know 
that  we  can  get  plus  or  minus  a  thousandth.  It's  tough  to  do  that  on  them  now.  But,  anyway,  we're  trying  to  find  out  how  good 
can  you  do. 

Yes? 

Another  unidentified  speaker 

You  have  compared  pressure  results  with  such  a  pressure  wing  with  a  metal  wing? 


c  -i: 


Young 

The  Mavbc  Bob  can  help  me  nui  here.  but.  as  I  uudci  stood  it.  the  raw  data  Irom  the  composite  2-D  versus  the  metal  2-1) 
looked  good  ...  the  correlation. 

Christophe 


Do  you  know  the  overall  cos!  ol  a  model  like  Pathfinder  I  '  1  he  cost  ol  this  model  * 

Young 
No  1  don’t. 

Christophe 
\  ou  don’t  know'.' 

Young 

The  reason  ...  The  answer  is  “a  lot.” 

(Laughter) 

Well,  the  reason  that  1  can’t  give  you  a  cost  figure  is  that's  our  developmental  model.  O.K..  We  had  to  do  an  awful  lot  of 
developmental  work  ...  proof  of  concept.  Everything  that  went  into  that  design  had  to  be  proven  some  way  or  other.  So  we 
just  gave  up  trying  to  even  track  the  cost  of  that.  The  Boeing  model,  you  can’t  draw  a  fair  comparison  from  that,  because  it 
doesn’t  have  as  much  instrumentation,  ft’s  nothing  like  it. 

But.  w  hat  we  re  going  to  try  to  do ...  we’ve  got  a  number  of  models  in  the  system,  so  that  once  we  get  these  models  in.  we  re 
going  ...  and  we  are  breaking  out  design  versus  fabrication  costs ...  so,  for  the  different  types  of  model,  my  plan  is  to  assimilate 
that  data  so  that  we  can  get  a  feel  for  what  is  it  really  costing  us.  I’ve  been  asked  that  question  many  times. 

Kilgore 

He  only  has  eight  digits  on  his  calculator. 

Young 

Any  other  questions? 

John  Tizard 

Do  you  completely  warm  the  model  up  for  model  maintenance? 

Young 

The  conditions  that  wc’vc  been  working  toward  ...  and  maybe  Ed  (Bruce|  can  help  me  out  here  ...  is  that  the  model  will  be 
heated  and  we  are  expecting  to  work  on  the  model  which  will  have  surface  temperatures  around  40  degrees  F  This  is  for 
quick  access  model  change  type  of  thing.  Is  that  around  ... 

Bruce 

You’ve  got  to  get  it  above  the  dew  point  of  atmospheric  air  or  you’ll  have  water  going  down  the  (pressure)  tubes 
Young 


We  don't  have  that  experience  yet,  John,  in  terms  of  finding  out  how  well  we  can  warm  it  up  You  know .  w  hen  that  thing  is 
you’re  working  on  something  that's  on  a  sting  and  on  the  other  side  of  that  housing  wall  there,  the  gas  is  very .  very  cold  So. 
you’ve  got  a  lot  of  heat  loss  there.  And  I  imagine  what  we  ll  see  is  that  we  re  going  to  see  a  temperature  gradient  along  the 
length  of  the  model,  certainly.  This  is  one  of  the  problems  that  we’ve  had  to  address  in  determining  if  we  can  put  filler*-  on  and 
how  we  re  going  to  cure  it,  and  that  sort  of  thing.  And  we  re  also  worried  about  frost  formation  when  we  back  out  of  there 
On  the  model. 

Kilgore 


Well,  thank  you  again  for  a  very  nteresting  and  stimulating  presentation. 
It's  a  pleasure  to  see  how  things  go. 


T 
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Five  years  ago.  the  major  concern  was  "can  you  build  the  wind  tunnels  and  make  them  operate  at  cryogenic  temperatures." 
Now.  the  concern  ...  major  concern  is  "can  you  build  models  and  make  them  work."  and  were  hearing  that  we  can.  We  even 
heard  a  prediction  that  five  years  from  now  ,  when  we  have  the  next  one  of  these,  no  one  will  make  a  presentation  on  model 
construction.  Which  I  think  is  great. 

After  the  coffee  break  which  w  ill  last  thirty  minutes,  by  your  watch,  not  by  that  one,  be  back  by  1 5  till  1 1  ...  After  the  coffee 
break  we  ll  go  into  another  mode  ...  the  concern  over  instrumentation  in  cryogenic  tunnels. 

So.  enjoy  your  coffee  break. 


Discussion  following  Lecture  No.  6  (M.  Bazin) 

Kilgore 

Thank  you  Maurice. 

Let's  have  one  or  two  questions,  and  then,  there  are  items  on  display.  And,  as  Maurice  said,  they're  still  in  use  so  they 
shouldn't  be  dropped  too  far,  at  'east. 

Wigley  (in  a  whisper  to  Kilgore) 

He  said  they  shouldn't  be  touched. 

Kilgore 

Oh!  Touched!  They  shouldn't  be  touched!  Yes.  Dave  was  listening  closer  than  1.  Don't  touch  but  do  look,  either  before  we  go 
to  lunch  or  afterwards. 

So.  Maurice,  if  you  want  to  direct  traffic  on  any  questions  here ...  perhaps  5  minutes  worth.  We're  not  late  at  all. 

Ron  Law 

On  the  design  of  the  cryogenic  balance,  has  the  balance  been  designed  to  optimize  the  x  measurement  by  finite  element 
analysis,  and  was  a  three-dimensional  program  used?  And  if  it  was,  what  type  of  mesh  was  used? 

Bazin 

It  was  a  finite  element  program.  And  we  used  a  program  which  is  coming  from  the  Lockheed  Company  and  which  is  called 
REXBAT.  And  this  program  works  for  strain  and  for  temperature. 

Does  that  give  you  a  response? 

Griffin 

The  deformation  measuring  system,  how  accurate  is  it? 

Bazin 

Ah.  That's  a  difficult  question.  We  hope  that  we  will  obtain,  in  a  large  model,  0.05  degree  on  rotation  and  0. 1  millimeter.  I  am 
speaking  of  a  large  model  and  that  means  that  we  observe  the  large  model,  up  to  4  metres,  from  about  4  metres.  The  results 
which  were  obtained  in  the  laboratory  ...  I  think  we  ...  this  was  the  first  attempt,  a  very  simple  prototype ...  we  think  that  we 
obtained  0.2  mm  on  the  circle  at  near  3  metres. 

Griffin 

And  this  information,  is  it  on  line?  Do  you  get  it  immediately? 

Bazin 

You  mean  this  information  is  available  or ...? 

Griffin 


No.  Is  it  available  immediately,  in  real  time? 


T 
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Ha/m 

Oh.  yes.  Yes.  This  was  not  a  very  strong  request.  But  we  consider  that  if  we  have  the  results  in.  say,  one  hour  it  would  be  a 
good  result.  But,  in  fact,  the  system,  which  is  developed  by  DH.RO.  is  supposed  to  give  the  results  in  a  few  minutes.  Or  in  a 
part  of  minute.  We  don't  know  exactly  because  the  lull  thing  is  not  made,  it's  only  a  prototype. 

Law 

On  the  optical  position  measurement  on  the  trailing  edge,  there  is  no  mention,  that  I  noticed,  of  a  lest  target.  How  is  the 
correction  made  lor  the  changes  tn  the  refractive  index  of  the  gas'* 

Bazin 

I'm  sorry.  I  m  not  sure  I  understand  the  question. 

I  .aw 

As  the  gas  density  changes,  the  refractive  index  will  change. 

Ba/.in 

It  does  not  change  anything.  You  are  speaking  of  the  "torsiometro"  or  the  'rcceptcurs?'' 
law 

l  cs  rcceptcurs. 

Bazin 

Above  the  trailing  edge?  Yes.  And  your  question  is  relative  to  a  change  of  density? 

Law 

Yes.  Changes  in  the  refractive  index  of  the  gas. 

Bazin 

You  might  have  small  changes  in  light  transmission  due  to  refractive  effects  in  the  flow.  They  are  reported  to  be  small  behind 
the  trailing  edge  and  ignored.  The  calculations  can  easily  be  made  from  a  typical  flow  distribution.  You  will  find  the  full 
response  to  your  question  in  the  papei  which  is  given  as  a  reference  and  which  was  given  in  Amsterdam  by  Mr.  Surget. 

Kilgore 

Well,  thank  you  again.  Maurice. 


Discussion  following  Lecture  No.  7  (A.  Mignosi) 
Kilgore 


Thank  you  Andre  for  a  very  interesting  paper. 

It  s  coming  through  again  and  again  that  having  high  Reynolds  numbers  is  not ...  it's  necessary  but  not  sufficient  to  ensure 
proper  aerodynamic  data  out  of  wind  tunnels. 

We  have  time  for  a  couple  of  questions  before  those  of  you  who  need  a  quick  coffee  fix  start  wandering  out.  So.  Andre,  it  you 
will  direct,  again,  the  traffic  from  the  questions.  If  it’s  not  loud  enough  for  those  in  the  back  to  hear,  if  you  w  ill  repeat  the 
question  as  well  as  the  answer. 

C  ioodyer 


I  have  a  question  ...  1  think  a  statement,  first  of  all.  On  the  subject  of  surface  flow  ...  surface  streamline  visualization. 

A  technique  was  developed  at  Southampton  University  using  propane  as  the  marker.  The  objection  to  that  was  the  fact  that 
we  needed  to  use  a  pigment  to  show  the  flow  pattern,  and  the  pigment,  having  finite  particle  size,  could  itself  affect  the  flow. 
That  was  the  objection.  I  believe  thal  Douglas  Aircraft  Company,  following  that  work,  and  again  using  propane,  found  some 
kind  of  dye  that  could  be  added  to  the  propane  that  would  leave  a  mark  on  the  surface,  but.  I  believe,  not  materially  effect  the 
surface  condition. 


I 


Yes.  We  1  think  that  surface  visualization  will  he  a  large  help  for  the  experimenter.  And  probably  we  will  test  also  this 
technique.  Hut  with  oil.  for  instance,  you  have  also  the  possibility  to  fix  the  transition  with  the  particles. 


If  vou  want,  I  have  a  picture  on  it.  And  we  lake  some  precaution  for  that.  For  instance,  in  this  case  we  base  observed  the 
transition  with  oil.  And  for  that,  we  put  the  oil  very  near  the  point  where  transition  occurs.  Because,  if  you  put.  for  instance, 
the  oil  too  near  the  leading  edge,  the  displacement  thickness  is  little  and  all  the  particles  can  fix  the  transition.  For  instance, 
here,  you  see  that  there  is  one  particle,  at  least,  that  has  fixed  the  transition.  And  we  have  made  this  type  of  picture.  Hut  if  we 
can  do  that  in  cryogenic  (unintelligible)  it  will  be  very  (unintelligible).  We  think  that  possible  with  a  pigment  in  ... 


Well,  I  think  not  with  a  pigment.  I  think  the  technique  that  Douglas  developed  was  specifically  for  application  to  high 
Reynolds  number  cryogenic  wind  tunnels,  and  used  not  a  pigment  but  something  else.  1  can't  rememher  w  hat  that  something 
else  is.  but  I  think  they  have  done  enough  of  the  ground  work  to  make  it  possible. 

That  was  a  statement.  I  have  a  question  as  well. 

A  brief  question  then.  On  your  figure  2K  in  the  text ...  in  the  upper  half  of  that  diagram,  which  is  applicable  to  a  laminar  shock 
boundary  layer  interaction,  there  seems  to  be  a  dip  in  the  Mach  number  distribution  which  I  thought  you  ...  maybe  I 
misunderstood  something  ...  I  thought  you  were  associating  that  dip  with  transition. 


There  is  first  separation  of  the  laminar  boundary  layer.  And  after  that,  the  transition  in  the  shock  wave  interaction.  Hut  when 
we  (unintelligible)  we  see  a  (unintelligible)  laminar  part  there  is  that  sort  of  separation  (unintelligible)  is  that  the  turbulent, 
(unintelligible)  It  is  the  case  of  a  very  complicated  interference  in  the  separation. 


A  long  enough  pause  to  call  a  halt  and  have  coffee. 
Thank  vou  very  much.  Andre. 


Discussion  following  Lecture  No.  8  (J.  Christophe) 


Thank  you.  Mr.  Christophe,  for  a  very  interesting  paper. 

Quite  often  projects  are  killed  off  early  when  you  don’t  do  your  homework  and  show  that  you  can  afford  to  actually  operate  a 
tunnel  like  this.  This  study,  certainly,  is  an  ongoing  thing,  and  I  think  you've  done  an  excellent  job  of  pulling  it  together  and 
considering  all  of  the  elements. 

We  have  time  for  a  couple  of  questions.  John  is  nodding  his  head  in  agreement.  We  re  spot  on  5  o'clock  by  my  watch,  as 
opposed  to  the  chick  on  the  wall.  So.  if  you  will  accept  questions  from  the  audience. 

No  questions? 

O.K.,  Stan. 


Obviously,  the  cost  of  running  the  tunnel  is  very  high,  perhaps  in  relation  to  the  model  cost.  We  talked  a  lot  about  model 
costs  and  saving  money  on  the  model.  But  now,  obviously,  productivity  perhaps  is  even  more  important.  When  you  talked 
about  the  model  injection  system,  are  you  suggesting  two  models,  two  similar  models,  one  replacing  the  other  one0  Or  two 
different  configurations? 
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<  hristophc 

You  speak  about  the  model  cost ... 

CirifTin 

Yes. 

C'hristophe 


...  and  if  it  s  necessary ...  if  the  injection  method  ... 

Griffin 

Yes 

C  hristophc 

has  some  connection  with  the  model  cost ...  with  the  model ...  with  the  construction  of  the  model?  This  is  your  question? 

<  iritfin 
Vs 

(  hristophc 

At  this  time.  I  don't  consider  this.  It’s  a  very  important  point  that  the  model ...  for  example,  on  classical  model  in  wind  tunnel 
we  have  some  part  we  modify  some  time.  It’s  not  so  clear  it's  possible  for  a  fighter,  for  example,  to  modify.  Perhaps  it's  better 
to  have  a  wing  per  configuration.  Bui.  I  don't  know.  That  is  the  reason  for  my  insistence  to  say  it's  necessary  to  look  very 
carefully  at  a  realistic  program,  for  example,  it's  clear,  it's  in  my  paper,  ETW  people,  has  two  programs  by  German  people. 

( )nc  for  fighter  and  another  for  civil  aircraft.  And  it  is  very  clear  that  for  the  fighter  it  is  necessary  to  modify  the  configuration 
very,  very,  very  frequently.  We  have  some  connection  with  a  facility  and  production  of  the  model  and  the  modification  of  the 
model,  it  s  clear.  But  we  have  not  considered  this  in  detail 

Kilgore 

Chunk  you.  again. 


Discussion  following  lecture  No.  9  (J-B.  Dor) 

Kilgore 

I  hank  you.  Mr.  Dor. 

It  must  please  many  of  you  to  see  good  aerodynamic  data  coming  out  of  cryogenic  wind  tunnels. 

1/  we  re  of  course,  well  ahead  of  schedule.  If  you  would  entertain  questions  from  the  audience,  if  there  are  any.  If  there  re 
none,  well  act  accordingly. 

I  nidcntificd  speaker 

W  hy  is  the  head  of  the  pitot  probe  made  of  wood? 

Dor 

Because  wood  has  a  relatively  low  thermal  conductivity.  We  tried  to  do  a  probe  with  metal ...  with  steel ...  but  there  was 
alw  ays  an  influence  of  the  support  on  the  mode).  And  wood  has  a  relatively  low  thermal  conductivity  and  as  wc  tested  wood 
probe,  it  was  good. 

For  a  good  analysis  by  this  is  to  make  an  estimate  of  the  gradient  in  one  direction  and  then  to  come  back.  If  you  find  the  same 
thing,  it  is  good  proof  that  the  probe  is  good. 

Pat  C  lark 


4> 


Is  the  fact  that  the  composition  of  your  gas  changes  during  the  run  cause  you  any  problems?  Like,  you  start  with  almost  all 
air  As  you  put  in  more  and  more  nitrogen  to  cool  it,  you're  changing  the  composition. 
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Dor 

>  cv  But  I  he  compos)  hon.  |  said.  .  there  is  a driving  air  How  rale  and  a  JliquidJ  nitrogen  How  rale  And  the  final  composition 
is  made  bv  these  two  How  rates.  The  initial  air  is  of  no  importance.  And  whal  I  said  about  the  composition  was  ...  I  don't  think 
it  was  w  riltcn  ...  it  is  made  of  these  two  flow  rates,  a  long  time  alter  the  starting  of  the  tunnel. 

(  lark 

Does  the  tunnel  run  long  enough,  though,  to  get  to  that  state?  Because,  the  one  curve  you  showed,  your  nitrogen  flow,  at 
least,  was  still  varying.  In  your  figure  4.  your  nitrogen  flow  rate  never  actually  conics  to  equilibrium. 

Dor 

What  figure,  please ? 

<  lark 

higurc  4.  The  top  one  on  the  right-hand  side.  The  liquid  nitrogen  flow  rate  is  never  actually  constant.  It  isn’t  varying  very 
much. 

Dor 

Ah.  Yes  I  can  explain  whal  it  is. 

To  cool  down  the  low  velocity  flow  we  inject  an  important  quantity  of  liquid  nitrogen  When  the  flow  temperature  is  near  the 
final  temperature,  the  flow  rale  is  reduced,  and  begins  the  closed  loop  regulation  with  the  model  flow  temperature  This  is 
during  the  first  phase. 

Then,  the  profile  is  introduced.  During  the  second  phase,  when  the  Mach  number  and  the  pressure  are  raising,  the  liquid 
nitrogen  flow  rate  is  independently  calculated.  Only  calculated.  There  is  no  regulation.  It  is  calculated  to  compensate  roughly 
the  driving  air  flow  rate  and  the  compression  effect.  And  when  the  second  phase  is  finished,  the  temperature  is  not  too  bad.  If 
you  want.  And  the  closed  loop  regulation  is  started  new.  And  now  then  it  is  the  third  phase. 

Clark 

I  understand  that.  The  point  you  were  making  about  composition  was  that  if  you  come  to  a  point  where  your  ejector  air  flow 
is  constant,  and  your  cooling  liquid  nitrogen  flow  is  constant,  then  you  have  effectively  wiped  out  all  of  the  air  you  started 
with  in  the  tunnel,  and  the  composition  is  constant. 

Dor 

Yes 

Clark 

I'm  saying,  from  this  figure,  you  never  come  to  that  point  where  the  liquid  nitrogen  flow  is  constant,  so  your  composition 
could  be  varying  a  little  bit  with  time  during  the  whole  of  your  run.  And  J  m  just  asking,  does  that  cause  you  any  problem? 

Dor 

1  don't  know.  We  have  no  problems.  Perhaps  if  there  are  problems,  we  haven't  seen  them. 

(Laughter) 

Kilgore 


May  I  add  a  little  bit  to  that  I  guess,  since  air  is  roughly  HO  percent  nitrogen,  there  certainly  is  not  much  change  in  the  total 
composition,  even  though  there  is  this  slight  variation  in  the  level  of  injected  liquid. 

(Speaking  to  Mr.  Mignosi)  Would  you  care  to  address  that  in  more  detail? 

Mignosi 

We  can  tell  from  the  composition  of  the  air,  which  is  20  percent  oxygen,  to  1 0  percent  when  we  mix  about  the  same  quantity 
of  air  with  liquid  nitrogen.  But  for  all  the  Mach  numbers  in  the  domain,  for  instance,  we  always  fake  a  ratio  of  the  specific 
>  heats  of  the  gas.  gamma,  of  1 .4.  It  seems  that  this  value  is  a  good  value  for  the  gas. 
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(.'lark 

h  doesn't  appear  to  he  a  problem. 

Mtgnosi 

It  doesn't  appear  to  he  a  problem. 

Clark 

One  other  question,  fn  your  figure  I,  on  the  air  supply  system  lor  the  injector  where  you  show  both  air  or  gaseous  nitrogen. 
Can  you  actually  run  it  with  all  nitrogen  or  has  that  not  been  implemented?  Right  at  the  top  on  figure  1  you  show  the 
compressor,  then  the  drying  plant  and  then  you  have  a  box  there  that  says  air  or  gaseous  nitrogen. 

Dor 

Yes.  Recause  we  are  equipped  to  load  the  high  pressure  air  receiver  with  high  pressure  gaseous  nitrogen  obtained  from  our 
storage.  Rut  we  never  use  it.  All  the  tests  we  have  done  till  now  have  been  done  w  ith  air  as  driving  gas  and  nitrogen  as  cooling 
liquid,  because  we  are  afraid  of  the  safety  problems,  essentially. 

Ralph  Scurlock 

1  want  to  ask  a  small  question  and  make  a  point.  On  page  1 2  of  your  English  notes,  you  mention  the  size  of  the  adaptive  wall 
sections,  and  you  say  that  it’s  0.39  millimetres  wide  and  1 .32  metres  long.  Is  that  first  figure  correct? 

About  two  thirds  down  the  page.  The  walls  are  1 .3  millimetres  thick.  And  then  you  say  the  size  is  0.39  millimetres  wide. 

Dor 

Yes.  And  1.32  metres  long. 

Scurlock 

But  is  that  width  correct? 

Dor 

Yes.  1  believe ... 

VVigley,  and  others. 

Metres,  not  millimetres! 

Dor 

Oh.  yes!  Metres! 

Scurlock 

O  K.  Thank  you.  O.K.  Now  I'd  like  to  make  a  point  about  the  particles. 

Dor 

Yes.  That  is  very  important. 

Scurlock 


Referring  lo  your  figure  2?,  w  hen  you  talk  about  particles,  and  {unintelligible).  I  d  also  like  to  just  query  the  fact  that  the 
pressure  drop  across  the  filter  rises  during  the  second  half  of  the  cycle. 

The  point  1  would  like  to  make  is  that  in  some  of  the  work  we  are  doing  at  Southampton,  we've  discovered  that  water 
dissolves  in  liquid  nitrogen  and  liquid  oxygen  to  a  very  surprising  extent.  It  will  dissolve  at  one  atmosphere  pressure  to  about 
10  parts  per  million  under  saturation  conditions.  And  at  pressures  up  to  about  20  bars,  which  1  notice  is  the  pressure  in  your 
intermediate  storage,  the  solubility  could  rise  another  factor  of  1 0  ...  up  to  about  1 00  parts  per  million,  under  equilibrium 
conditions.  Now  if  that  water  is  there  and  then  you  inject  it  through  your  sprays,  you're  going  to  have  a  particle  problem. 

Now  that  water  can  be  absorbed  during  exposure  of  the  nitrogen  to  the  atmosphere  or  to  ice  during  the  manufacturing 
process  And  1  would  just  like  to  bring  this  to  your  attention  because  I  think  one  has  to  watch  your  housekeeping,  as  far  as 


liquid  nitrogen  is  concerned,  to  ensure  that  the  actual  water  up  take  in  your  nitrogen  tanks  is  kept  at  a  sufficiently  low  level 
that  your  not  going  to  be  plagued  by  this  problem. 

I  he  other  thing  I  ought  to  mention,  that  is  that,  generally,  if  you’ve  got  a  liquid  nitrogen  storage  tank,  and  you  happen  to  look 
inside,  you'll  see  that  the  bottom  is  full  of  frost  anyway.  That's  deposited  ice.  And  any  stirring  is  going  to  cause  that  ice  to 
dissolve  back  into  the  nitrogen  at  your  ambient  conditions.  So,  1  think  if  you  are  going  to  find  that  particles  in  the  flow  are 
going  to  be  a  problem,  then  you've  got  to  do  something  about  keeping  water  out  of  the  nitrogen  in  the  first  place,  hike  the 
CO.  as  well. 

Dor 

Yes.  Hut  for  us.  we  knew  that  when  we  heat  this  gas,  our  drying  system  was  not  very  performing.  So  wc  were  not  astounded  to 
find  ice.  also.  Now  the  drying  system  is  better,  but  we  have  not  done  again  such  tests. 

Scurlock 

Certainly,  in  the  future.  I  think  this  is  a  problem  you  have  to  face. 

Dor 

That  is  correct.  Thank  you. 

I'nidentified  speaker 

What  type  of  transition  fixing  did  you  use  and  how  did  you  check  whether  it  was  working  or  not? 

Dor 

We  used  carborundum  grains  bonded  to  stick  in  a  line.  And.  I  did  not  understand  the  rest  of ... 


I'nidentified  speaker 

I  low  did  you  check  whether  it  is  working  or  not? 

Dor 

(Nods  to  M.  Mignosi) 

( I  a  ugh  ter) 

Mignosi 


Yesterday.  1  presented  some  (unintelligible)  to  fix  the  transition.  We  pick  the  height  depending  on  the  thickness  of  the 
boundary  layer  at  the  location  where  wc  want  to  fix  transition.  We  calculate.  We  can  also  change  its  height  and  see  if  it’s  fixed 
the  transition  or  not.  We  can  finally  measure  the  drag  coefficient.  If  it’s  right,  wc  arc  in  the  turbulent  state  and  have  changed 
the  ( unintelligible)  tra^1  ;*inn. 

Kilgore 


Ibis  may  be  a  good  time  to  do  a  few  bits  of  business. 

Ralph  [Scurlock |  has  raised  a  point  by  catching  an  error.  If  anyone  else  sees  something  that  they  think  is  an  error,  circle  it,  cal! 
it  to  the  attention  of  the  authors,  because  the  notes  will  be  reprinted  and  we  might  as  well  purge  them  of  as  many 
typographic  al  errors,  or  otherwise,  as  we  can. 

T  hat  brings  me  to  the  point  that  you  will  be  mailed  the  reprinted  set  of  notes.  Make  sure  your  name  and  address  is  as  you 
would  like  to  have  it  on  the  list  of  attendees.  Otherwise,  you  won’t  get  anything,  perhaps. 

What  else  do  we  need  to  do,  John? 

John  Wendt 


There  was  one  more  question.  I  think,  over  there  somewhere. 

Kilgot . 

O.K.  I'm  sorry  I  didn’t  mean  to  interrupt  the  flow  of  questions.  But  while  1  was  on  a  roll  there.  I  thought  I'd  get  up  and  say 
that  we.  as  authors,  do  appreciate  having  called  to  our  attention  any  errors  that  have  crept  in. 


So  we  ll  continue  with  the  questions. 
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Unidentified  speaker 

Do  you  make  for  each  Reynolds  number  separate  wall  adaptation? 

Dor 

I  don't  understand. 

Unidentified  speaker 

For  each  Reynolds  number,  a  wall  adaptation?  For  each  Reynolds  number  you  have  compared  the  positions? 

Dor 

Yes.  We  have  compared  the  solution. 

Unidentified  speaker 

I  mean  the  wall  shape.  Between  the  three  Reynolds  numbers. 

Dor 

Yes.  The  same. 

Unidentified  speaker 

The  same? 

Dor 

Yes.  We  compared  them  for  that. 

Unidentified  speaker 
Are  you  sure? 

Dor 

(Looking  to  M.  Mignosi)  Help! 

(Laughter) 

Mignosi 

You  have  a  slight  change.  The  first  one  is  that  you  change  the  equation.  And  the  second  one  is  that  you  change  the  boundary 
layer  to  turbulent  (unintelligible)  and  we  lake  into  account  this  parameter  by  having  the  free  streamline  we  want  the 
computation  to  compute  the  boundary  layer.  We  add  this  to  the  displacement  thickness  to  adapt  the  wall.  It  is  a  slight  change 
and  we  observe  this  change  for  tests  at  different  Reynolds  numbers. 

Unidentified  speaker 

Coming  back  to  the  figure  2K. 

Dor 

Twenty  eight. 

Unidentified  speaker 
(Unintelligible  question) 

Dor 


We  are  running  with  the  driving  gas.  air.  and  liquid  nitrogen,  cooling  gas. 
Unidentified  speaker 
(Unintelligible  question) 
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Kilgore 

C  ould  you  repeal  ihe  question?  I  didn't  catch  it 
Dor 

U  we  would  have  only  nitrogen  ... 

(Some  discussion  in  French) 

It  is  the  same 

(More  discussion  in  French) 

Unidentified  speaker 

It  would  change  by  3  or  4  or  5  degrees  |kclvin|,  I  think.  That  order  of  magnitude. 

Dor 
Yes  ’ 

Scurlock 

C  an  I  ask  another  question? 

What  is  your  policy  about  the  safety  of  personnel  in  the  vicinity  of  the  tunnel  when  it  is  operating? 

Dor 

We  think  that  the  best  thing  is  that  everything  operates  well. 

W  hen  you  follow  the  normal  lest  process,  everything  is  good.  But  if  we  have  a  lot  of  problems,  for  example,  if  the  pre-cooling 
device  doesn't  operate  well,  for  example,  if  we  have  problems  on  measurements  on  scanning  valves,  and  so  on.  too  much 
such  problems  stop  the  run.  And  it  is  always  very  difficult  to  start  again  the  run.  And  in  this  condition,  I  think  safety  is  not  so 
good  as  w  hen  everything  is  well  tested  before  operating  on  the  tunnel.  So  we  try  to  well  test  all  the  equipment  of  the  tunnel. 
Because  when  we  made  the  first  profile  test  we  had  certain  difficulty  with  the  pre-cooling  device  and  fog  (unintelligible).  All 
material  problems,  mechanical  problems  and  so  on.  And  for  safety  it  was  not  good,  I  think.  We  had  planned  these  problems 
were  solved  before  that. 

(Some  discussion  in  French) 

There  is  nobody  in  the  room. 

Scurlock 

Nobody  in  the  room? 

Kilgore 

I  think  that  was  the  point  that  Ralph  was  making.  Not  to  be  around  the  tunnel  when  it  was  operating. 

Thank  you.  Mr.  Dor.  for  a  very  interesting  lecture  and  discussion. 

Discussion  following  Lecture  No.  1 0  (G.  Hefer) 

Kilgore 
Thank  you. 

Even  though  you  expressed  some  concern  as  to  whether  it  would  work  or  not.  I  have  no  doubt  that  it  will.  Those  of  you  who 
are  familiar  with  the  3-dimensional  “rubber  wall”  tunnel  at  Gottingen  know  that  they  do  excellent  work  there.  No  reason  to 
doubt  that  this  is  also  going  to  work. 

We  have,  certainly,  time  for  questions. 

(Pointing  to  David  WigJey)  David  Wigley. 
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David  Wiglcy 


Perhaps  1  missed  some  of  the  detail,  hut  ean  you  give  us  a  little  hit  more  detail  on  how  you  feed  the  nitrogen  into  the  tube  to 
charge  it?  Is  it  literally  just  through  one  pipe  at  the  end,  as  you  show-  in  figure  4.  or  have  you  got  injectors  all  the  way  dow  n  the 
tube  ’ 


Hefer 

(Referring  to  a  sketch  of  the  tunnel)  It’s  no  more  up  to  date.  This  picture  is  not  the  last  one  any  more. 

Here  you  ean  see  a  feeding  ring.  This  distributes  the  nitrogen  to  another  feeding  ring.  And  from  this  ring  it  is  injected  to  the 
tube  But  we  will  cancel  the  first  feeding  ring  now  and  do  it  about ...  about  like  this.  Increase  the  height  of  this  flange  and  then 
get  in  by  a  tube.  And  then  there  w  ill  be  a  ring  inside,  in  this  flange,  which  distributes  the  nitrogen  around  the  tube.  And  then 
there  w  ill  he  holes  dow  n  here  so  that  the  nitrogen  can  flow  this  way. 

This  corner  has  been  installed  in  order  not  to  have  too  long  a  sliding  wav  for  this  cylinder.  So  the  nitrogen  is  fed  in  going 
around  the  tube  bv  the  ring. 

Wiglcy 

But  when  you're  pressurizing  the  tuhe  with  gas.  you  just  put  it  in  one  place  and  it  sort  of  feeds  ...  flows  back  into  the  tube. 
What  1  was  thinking  about  was  how  you're  going  to  establish  a  constant  temperature  along  this  very  long  tube. 

Hefer 

Well.  O  K.  I've  got  your  point. 

Here  is  the  feeding  ring  and  this  closed  loop  will  provide  a  constant  temperature  along  the  tube.  So  there  is  another  tube 
that's  200  mm  in  diameter ...  that's  a  pretty  large  tube  ...  which  transports  the  gas  back  to  a  radial  blower,  here,  and  then  a 
liquid  nitrogen  injection  device,  here,  and  then  back  to  the  fill  line.  So  that's  the  circuit. 

A  closed  circuit.  The  same  as  here,  a  closed  circuit  for  the  test  section  for  conditioning  of  the  model. 

Wolfgang  L.orenz-Meyer 

Does  that  mean  that  the  nitrogen  in  the  tube  is  always  in  motion  during  the  injection? 

Hefer 

Right.  Right. 

Lorenz-Meyer 


There  is  always  slight  motion. 

Hefer 

During  this  five  to  ten  minutes  of  charging  time,  it's  in  motion.  And  the  velocity  will  be  about  half  a  metre  per  second. 
Ralph  Scurlock 


Have  you  made  any  calculations  as  to  what  the  vertical  temperature  gradient  in  the  charge  tube  will  be  during  this  injection, 
because  I'm  ... 

Hefer 

No.  fm  sorry  not.  I  guess  that  will  be  a  very  hard  thing  to  do. 

Scurlock 


Sure.  The  problem  ...  if  you  can't  get  uniform  temperature  vertically ... 

Hefer 

Right.  We  have  discussed  this  problem,  of  course,  many  many  times,  and  we  try  to  cope  with  it  by  blowing  in,  in  a  spiral,  you 
know,  not  radial,  so  that  the  gas  can  turn  in  the  tube.  The  problem  with  this  is  ...  this  is  basically  very  easy  to  do  ...  but  the 
problem  is  that  this  rotation  may  remain  inside  the  tube  and  that  you  run  into  problems  during  your  measurement  if  you  have 
the  rotation  in  there. 
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So  you  musi  he  careful  and  be  sure  lhal  this  rotation  is  small  enough  not  to  result  in  a  rotation  in  the  lest  section.  Or.  wait  a 
little  hit  so  that  it ...  but.  in  such  a  tube,  the  damping  properties  are  very  very  weak.  That's  really  a  big  problem.  We  ll  build  in 
a  sort  of  damping  plate  at  the  end.  Because  otherwise,  waves  will  move  back  and  forth  for  a  very  long  time  in  such  a  tube.  Kor 
minutes,  and  more.  And  we  ll  build  in  a  plate  with  holes,  many  holes,  as  a  damping  plate  at  the  end  of  the  lube,  to  damp  out 
any  ...  not  any.  but  most  of  the  disturbances. 

Kilgore 

Whitt  is  the  insulation  thickness  of  the  tube? 
liefer 

I  he  insulation  w  ill  consist  of  one  layer  of  mineral  wool ...  that's  the  inner  layer ...  and  one  layer  of  polystyrene,  and  the  w  hole 
thickness  will  be  2(1(1  rant.  And  we  will  purge  the  insulation  along  the  whole  lube. 

( Referring  to  the  test  section  region)  T  he  insulation  for  this  part  is  not  yet  designed.  But  we  will  try  out  how  to  do  that 
properly  when  the  tunnel  is  there  and  you  can  sec  best  how  to  do  that. 

But  the  long  tube  will  be  insulated  by  a  company.  And  we  ll  put  in  nitrogen  at  this  place  and  let  it  out  at  the  end  without  any 
conducting  devices,  you  know,  like  little  tubes  or  something  like  that.  So  we  put  it  under  overpressure,  the  whole  insulation 
will  have  an  overpressure  of  some  millibars.  So  that  we  have  a  very  slow  flow  through  ...  at  least  through  the  mineral  wool 
part,  the  inner  part. 

Pal  Clark 

I  didn't  understand  your  model  temperature  pre-conditioning.  You  said  that  you  have  the  gate  valve  there  so  that  you  can 
hold  the  section  between  the  gate  valve  and  the  control  valve  and  the  remainder  of  the  tube  at  different  temperatures.  But  as 
soon  as  you  start  the  run.  do  you  still  not  get  the  temperature  diffracted  in  the  air  so  that  your  model  then  would  be  hotter 
than  Ihe  air  flowing  past  it ...  or  the  nitrogen  flowing  past  it? 

Hefer 

You  must  provide  different  temperatures  in  the  test  section,  for  the  model  temperature  must  be  different  from  the  charge 
temperature  in  the  tube  before  the  run.  And  this  is  achieved  by  putting  the  cold  nitrogen  in  here,  in  the  sidewall ... 

You  know,  one  more  problem  is  the  warping  of  the  sidewall.  If  the  outer  wall  is  warmer  than  the  inner  wall,  for  instance. 

So  we  ll  put  in  the  gas  at  this  point,  and  then  have  it  flow  back  through  the  sidewall  space  to  the  end  of  the  test  section  where 
Ihe  slots  are  for  the  pressure  equalization  device.  And  then  the  gas  flows  back  along  Ihe  model  in  the  inne  part  of  the  test 
section  along  the  model,  cools  down  the  model,  and  is  taken  out  at  this  part  here  at  the  boundary-layer  bleed  off  system.  So 
that's  the  way  of  the  cooling  circuit  inside  the  test  section  and  nozzle. 

Well,  this  temperature  has  to  be  adjusted  according  to  the  recovery  temperature,  or  stagnation  temperature,  or  whatever 
temperature  you  want.  If  you  want  to  investigate  adiabatic  wall  effects ...  or  nonadiabatic  wall  effects,  you  can  precondition 
the  whole  area  by  a  higher  temperature,  for  instance,  or  a  lower  temperature,  than  the  recovery  temperature  will  be. 

Clark 

During  the  run.  is  it  only  nitrogen  that  was  to  the  left  of  the  gate  valve  that's  close  by  the  nozzle  ... 

Hefer 

Right.  It's  all  nitrogen  in  there.  It's  no  air. 

Clark 

So.  what  you'd  do  if  you  wanted  adiabatic  wall,  you  would  cool  the  test  section  part  to  the  delta  T  you  showed  on  your 
figure  2. 

Hefer 

Right 

Clark 

You'd  have  it  that  many  degrees  below  ...  And  during  the  steady  part  of  the  run.  it  would  also  see  nitrogen  at  that 
temperature. 


<  :j 


I  Icier 

!  vastly  I  or  the  temperature  docs  nol  change  during  the  run.  L.xcept ... 

(  laris 

During  the  starting  transient  you  get  that  temperature  diffraction. 

I  Icier 

...  for  this  gas  which  is  trapped  in  the  test  section,  here,  and  is  accelerated  so  the  temperature  of  this  gas  w  ill  reduce  a  little  bit 
loo.  Bui  that's  very  little. 

I'nidcntificd  speaker 

(Unintelligible  comment) 

liefer 

I  didn't ... 

Unidentified  speaker 

The  model,  for  instance.  Do  you  intend  to  measure  pressure? 
liefer 

Right  We  need  fast  response  pressure  transducers,  of  course.  We  have  some  experiences  with  Ludwieg  tube  wind  tunnels 
and  we  consider  this  not  to  be  a  major  problem  of  the  facility  because  it's  easily  done  at  Gottingen  to  measure  run  times  of 
.Kill  milliseconds  ...  three  tenths  of  a  second  ...  to  do  pressure  measurements  about  the  same  distance  of  the  tubes  to  the 
outside,  for  instance.  You  can  just  take  the  same  models  as  in  the  0.3-metre  and  go  outside  with  ...  But  then  you  have  to  have- 
pressure  transducers,  not  scanners,  of  course,  to  take  the  data  at  one  time. 

Kilgore 

That  was  a  five  second  pause  which  is  an  invitation  to  lunch. 

Oh!  I'm  sorry.  There  was  another  question.  I'm  sorry. 

Viehweger 

What  is  the  diameter  of  the  tube? 
defer 

The  diameter  of  the  tube  ...  the  main  tube  is  0.8  metres. 

Viehweger 

And  what's  the  criteria  for  the  decision  for  the  size? 

Hefer 

The  criteria  for  the  decision  for  the  time? 

I  can  easily  say  it  was  the  longest  stretch  we  had.  So  it  tui  ns  out  to  be  a  time  of  I  second.  I  will  agree  to  that.  That's  a 
compromise,  in  any  case.  We  tried  to  have  as  long  a  time  as  possible,  and  we  asked  our  measurement  people,  like  Mr. 
Butefisch.  and  so  on.  what  he  needs  to  have.  And  he  says  he  needs  to  have  less  than  that.  But  I  was  a  little  bit  stubborn  and 
said  we  take  the  longest  we  had  ...  we  can  get.  Otherwise,  we  would  have  built  a  tunnel  with  say  two  thirds  of  the  time,  or  so. 

Kilgore 

And  the  diameter  was  set  by  the  budget, 
defer 


The  diameter ...  I  would  have  rather  liked  to  have  had  a  larger  diameter.  But  from  experiences  with  the  other  Ludwieg  tubes, 
it  s  not  necessary  to  have  contraction  ratios  like  an  ordinary  tun  icl  has.  like  1 2  or  something  like  that,  but  it's  enough  to  have 


three  to  four.  And  this  has  J.fi.  And  it  you  look  at  prices  lor  valves  and  soon.  you  will  see  that  they  are  a II  moderate  as  long 
,is  you  stay  below  a  diameter  of  hlMI  ...  700  (mm)  and  then  it  goes  up  and  goes  up  very  quickly.  And  this  is  one  of  the  reasons 
we  look  the  highest  we  cou/d  afford  at  all.  And.  well,  maybe  n  would  have  been  better  to  take  700  instead  of  KUO  mm. 

Kilgore 


Thank  you.  again. 


Discussion  following  Lecture  No,  1 1  ((».  Viehweger) 

Jean  Christophe 

(The  first  part  of  the  question  was  not  recorded.) ...  minimum  value  and  maximum  value  for  the  test,  the  run?  What  is  the 
maximum  value  and  minimum  value  of  tests  of  a  profile  do  you  expect? 

Viehweger 

Excuse  me.  1  didn’t  understand.  Maximum  and  minimum  ... 

Kilgore 

How  many  runs  do  you ...  am  1  interpreting  you  right? 

Stan  Griffin 


What’s  the  duration  of  the  run? 
Viehweger 


The  duration  of  the  run? 

Christophe 

The  duration  of  the  run?  We  wish  minimum  value  and  maximum  value. 

Viehweger 

O  K.  Ves.  We  have  calculated  a  run-up  time  for  the  tunnel.  You  ...  I  think  you'll  see  we  have  a  problem  to  increase  the  mass 
flux  inside  the  tunnel.  And  we  have  calculated  the  run-up  time  of  the  tunnel  up  to  maximum  velocity  of  about  4  minutes.  And 
a  run  time  for  one  polar  between  6  or  1 0  minutes  depending  on  the  angle  range.  And  we  are  able  to  have  a  lot  of  runs,  one 
behind  the  other.  If,  for  example,  only  to  change  the  velocity  during  a  measuring  period.  But,  in  normal  case,  we  have  a  run¬ 
up  time  of  4  minutes,  a  testing  time  of  about  6  to  10  minutes,  and  a  run-down  lime  of  about  4  minutes  for  one  run.  But  we  can 
have  several  runs,  one  after  another. 

The  time  to  cool  down  the  tunnel ...  1  think  that’s  another  question  you  are  interested  in  ...  is  about  5  to  6  hours.  But  after  time 
of  5  to  6  hours,  we  have  only  steady  state  temperature  conditions  inside  the  tunnel.  That  means  in  the  metal  parts  and  the 
wooden  cover  hut  not  in  the  insulation.  But  after  this  time  we  can  start  testing. 

Unidentified  speaker 

When  you  bring  up  the  pressure ...  You  said  the  equilibrium  is  made  at  the  test  section.  Is  it  a  dynamic  or  functional 
equilibrium  or  a  physical  connection  between  the  inside  of  the  tunnel  and  the  outside? 

Viehweger 

Yes.  We  measure  the  static  pressure  on  both  sides  of  the  tunnel,  inside  the  test  section  and  in  the  testing  room.  And  we  have 
to  control  our  tunnel  very  carefully  because  the  structure  of  the  tunnel ...  it  doesn’t  stand  higher  stresses. 

Kilgore 

Let  me  let  you  direct  the  question  traffic.  I  sec  Ron  Law  with  a  question. 

Ron  Law 

Can  you  be  absolutely  sure  that  if  there  is  any  flooding  in  the  floor  of  it  (?)  that  the  nitrogen  can  not  get  through  and  dampen 


Viehweger 


Please,  ean  you  speak  a  bit  louder? 

Law 

Can  you  be  absolutely  sure  that  e  vapor  barrier  will  protect  the  concrete  from  the  cold  gas  or  Irom  any  liquid  that  may  land 
on  the  floor ?  It  will  probably  only  have  to  happen  once,  really,  to  do  serious  damage  to  the  concrete  Can  you  be  sure  that 
that  cannot  happen? 

Viehweger 

The  vapor  barrier  has  been  considered  very  carefully.  And  we  hope  it  will  work  very  good.  No  one  is  sure. 

(Laughter) 

Kilgore 

1  might  say  that  we  have  had  problems  in  our  tunnel ...  in  the  small  0.3  metre  tunnel ...  in  almost  filling  it  with  liquid  nitrogen. 
And  as  Mike  Goodyer  implied,  that’s  a  very  good  way  to  control  temperature,  but  not  very  good  if  the  liquid  level  rises, 
perhaps,  to  the  level  of  the  fan.  And.  quite  simply,  we've  found  that  we  must  have  temperature  sensors  that  automatically, 
first  sound  an  alarm  and  then  shut  the  tunnel  down  ...  turn  the  liquid  nitrogen  off  and  sb  Jt  the  tunnel  down  ...  if  the  liquid  level 
rises.  And  I  would  assume  the  same  is,  or  could  be,  used  in  the  KKK  or  any  other  tunnel. 

Unidentified  speaker 

Do  you  have  temperature  sensors  or  do  you  have  some  kind  of  liquid  nitrogen  sensor? 

Kilgore 

In  our  case  it's  simply  ...  well,  they're  one  and  the  same.  I  would  think.  It  detects ...  It's  set  to  trigger  at  approximately  liquid 
nitrogen  temperature. 

Ralph  Scurlock 

Could  I  make  a  comment  about  the  use  of  a  concrete  shell  for  a  wind  tunnel? 

Can  I  ask  how  thick  is  the  concrete  shell ...  the  original  concrete  shell? 

Viehweger 

The  concrete  shell  has  a  thickness  between  1 2  and  1 6  cm.  In  the  high  speed  diffuser,  there  we  have  1 2  cm.  for  example.  At 
the  end  of  the  second  quick  diffuser  in  the  second  cross  leg  it  is  1 6  cm. 

Scurlock 


What  1  would  like  to  say  is  that  in  designing  the  insulation  to  line  the  inside  of  the  concrete,  I  think  the  intention  of  the 
insulation  should  be  '  orevent  the  naught  degree  centigrade  isotherm  from  penetrating  the  concrete  under  any  operation. 
And  the  thought  of  liq  id  nitrogen  flooding  ... 

Kilgore 


(Speaking  to  Ralph)  "B  (thing"  is  a  good  word  there.  “Bathing." 
Scurlock 


...  swishing  about  at  the  bottom  of  the  tunnel  fills  me  with  horror.  Because  our  present  understanding  of  concrete  is  that  if  it  is 
exposed  to  thermal  cycling  below  naught  degrees  centigrade  ...  that's  this  sort  of  conventional  concrete ...  it  will  lead  to 
deterioration  in  the  properties  of  the  concrete  .  eventually.  Now  I  would  say  that  in  operating  your  tunnel ...  you  must  ensure 
exactly  the  concrete  at  the  base  of  your  ducts  ...  must  remain  at  a  temperature  abov^  night  degrees  centigrade  on  the  inside 
wall 

Viehweger 

Yes. 

The  thickness  of  the  insulation  is  calculated  ...  or  has  been  designed  for  a  maximum  temperature  gradient  through  the  wall  of 
the  concrete  of  no  more  than  I  K. 
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Unidentified  speaker 

Yesterday  we  saw  that  in  T2  the  temperature  can  be  lowered  from  ambient  to  cryogenic-  conditions  in  order  of  1 0  seconds 
and  just  a  few  moments  ago  you  said  5  hours. 

Vtehweger 

Yes. 

Unidentified  speaker 

What ...  W  hich  parts  or  which  (  ?)  prevents  you  from  lowering  your  icmperature  in  say  I  minute  or ...  ? 

Viehweger 


In  1  minute? 
Unidentified  speaker 
Yes. 

Viehweger 
(l.aughter) 
Unidentified  speaker 


Why  not? 

Viehweger 

You  must  see  our  tunnel  has  very  high  dimensions  in  relation  toT2.  We  have  dimensions  up  to  8.5  metre  and  not  0.4  metre. 
Unidentified  speaker 
Yes,  but ...(?) 

Viehweger 

Yes.  But  we  have  to  see  that  we  get  not  any  temperature  ...  too  big  temperature  gradients  in  vertical  directions  in  the  bigger 
parts,  for  example,  in  the  corner  vanes  or  in  our  fan.  With  this  big  temperature  gradient  we  will  get  very  high  stresses  in  those 
parts.  And  we  must  avoid  it. 

Kilgore 

I  might  add  a  commentto  that.  I  guess  in  making  calculations,  we  do  our  best.  And  I'm  sure  Dr.  Viehweger  did  better  than  we 
did  for  the  0.3-m  tunnel.  But  our  en  uneering  group  at  Langley  told  us  that  we  would  perhaps  have  a  4  hour  cool  down  for 
the  small  0.3  metre  tunnel. 

In  fact,  after  deciding  that  some  components  were  going  to  break  anyway  ...  that  did  need  to  be  replaced  anyway,  as  Dr, 
Wigley  mentioned  ...  we  have  a  20  minute  cooldown.  It  may  be.  upon  suitable  instrumentation  and  suitable  measurement, 
that  4  hours  decreases.  It  may  be  tha  it  increases.  But  certainly,  4  hours  sounds  like  a  conservative  start  when  you  don't  want 
to  break  it  during  vour  first  cold  run. 

I  think  Stan  Griffin  has  a  question. 

Stan  Griffin 


O  K.  Can  I  confirm  that  the  length  of  time  ...  or  the  minimu  m  length  of  time  that  it  lakes  to  make  a  model  change.  It  takes  4 
minutes  to  go  down.  30  minutes  for  the  conditioning  room,  and  4  minutes  to  go  back  up  again,  plus  the  model  change. 

Viehweger 

Thirty  minutes  in  the  conditioning  room  only  in  one  direction. 

Griffin 


In  what? 
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Viehweger 
In  one  direction. 

( in  (fin 

Then  it's  30  minutes  logo  hack  again. 

Viehweger 

No.  I  think  we  must  have  about  1  hour.  We  go  down  from  the  lest  section  to  the  lock  and  wc  shift  over  in  the  itukIcI 
conditioning  room,  then  we  must  have  a  time  of  about  20  or  30  hours  to  warm  up  the  mode). 

Wigley,  Griffin,  and  others 

Minutes! 

Viehweger 

Minutes.  Then  we  must  handle  the  model.  Then  we  go  back  in  the  same  tinu  in  the  other  direction. 

Ciriffin 

So ,  for  the  minimum  model  change  then,  it's  something  like  an  hour  and  a  half? 

Viehweger 
Yes.  You  are  right. 

Unidentified  speaker 

Would  you  give  some  details  how  you  intend  to  purge  the  circuit  from  humidity.  You've  got  wood  and  ... 

Viehweger 

Inside  the  tunnel?  Yes. 

O.K.  You  start  very  carefully. 

Before  cooling  down  the  tunnel,  we  intend  to  blow  in,  at  first,  dry  compressed  air.  It  will  be  ...  We  intend  to  pressurize  the 
tunnel  in  the  range  it  is  allowed,  here,  our  tunnel ...  for  100  times,  for  example.  We'll  pressurize  and  blow  out.  And  we  do  it 
for  about  100  times.  And  then,  the  humidity  in  our  tunnel,  we  hope,  is  very  small. 

Then  we  ll  blow  in  warm  GN> .  And  after  this  time,  we  will  blow  in  LN:  to  cool  down  (he  tunnel. 

You  must  be  very  careful.  Because  you  have,  for  example,  humidity  in  the  holes  between  the  wooden  panel's  insulation. 

Scurlock 

As  far  as  access  to  the  model  is  concerned,  why  don't  we  persuade  NASA  to  build  a  cryogenic  space  suit ...  that  someone  can 
go  in  the  tunnel  and  save  all  this  cooldown  —  warmup  procedure  ... 

Kilgore 

We  ll  describe  that  in  five  years. 

(Laughter) 

John  Wendt 

Did  I  understand  you  to  say  that  on  the  wooden  covers  inside  the  tunnel ...  there  arc  many  holes  in  these  covers? 

Viehweger 

Yes. 

Wendt 


Do  you  think  this  will  have  any  noticeable  effect  on  the  turbulence  level? 
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Vichwcgcr 

No.  No.  The  perforation  in  the  wooden  cover  is  very,  very  small.  With  only  holes  of  a  diameter  of  5  or  h  mm.  I  think  we  have 
a  very,  good  quality  ...  turbulence  quality,  inside  the  tunnel. 

That  is  an  informal  comment. 

Unidentified  speaker 

How  do  you  propose  an  ambient  test?  1  think  you  do  not  have  a  water  cooler.  How  do  you  take  the  fan  heat  out  if  you  do  all 
(?)  your  calibration  at  ambient  temperature? 

V'iehweger 

Yes.  That's  a  good  question. 

The  run  time  will  be  very  short. 

(Laughter) 

Unidentified  speaker 

You  let  the  tunnel  drift  in  temperature. 

Viehweger 
Excuse  me? 

Unidentified  speaker 

The  tunnel  is  drifting  in  temperature. 

\  ,‘hweger 
Yes. 

Kilgore 

Last  chance  for  questions. 

Thank  you,  again. 


Discussion  following  Lecture  No.  12  (J.  Tizard) 

Kilgore 

Thank  you,  John. 

We  are  now  open  to  any  questions.  John,  you  just  Field  them  from  your  position. 
Tizard 

There's  none. 

Kilgore 

There  must  be  a  question. 

Unidentified  speaker 

Which  pressure  has  been  designed  for  the  LN:  tank? 

Tizard 


Sorry? 


Kilgore 

O  K.  Wrth  fhai.  thank  you  again,  and  we  will  simply  mill  about  until  the  I<hhI  in  ready,  looking  hungry  Maybe  it'll  get  ready 
quicker. 


Discussion  following  Lecture  No.  13  (R.  Kilgore) 
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Kilgore 

We  re  early  again. 

Kalph.  surely  you  have  a  question 
Ralph  Scurlock 

I've  only  got  one  thing  to  say  and  that  was  regarding  your  missing  cryogenic  safety  manual  ... 

If  anyone  would  like  to  order  some  safety  manuals.  I'll  put  a  piece  of  paper  down  on  the  bench  there  and  you  can  put  your 
names  on.  And  I'll  promise  to  pass  the  orders  on  for  attention  in  England  when  I  get  back. 

Kilgore 

Put  my  name  down,  Ralph  I  need  one  now, 

(Laughter) 

1  would  take  this  opportunity,  again,  to  call  your  attention  to  the  bibliography  on  cryogenic  tunnels  and  to  the  fact  that  it  does 
have  a  subject  index  in  the  back.  So  things  that  you're  interested  in  specifically,  such  as  the  work  on  real-gas  effects  or 
condensation,  simply  go  to  the  back,  take  a  look,  see  what  papers  are  available,  and  then,  if  there's  no  other  way  to  get  the 
papers  ...  and  usually  there' re  other  ways  ...  but  if  there's  no  other  way,  feel  very  free  to  drop  me  a  line  and  say  "I'd  like  to  have 
that" 

We're  perhaps  the  only  ...  well,  we  re  one  of  the  few  Branches  within  NASA  that  has  a  full  time  librarian  who's  dedicated  to 
having  archives  and  storing  this  kind  of  information  and  making  it  available  to  anyone  who  asks.  So.  we  would  be  very  happy 
to  provide  material  that  you  can  get  through  no  other  source  easily. 

Yes. 

M-ti  Rao 

Did  you  not  get  any  absorption  effects  on  the  model? 

Kilgore 

Absorption? 

Rao 

Absorption  effects  on  (he  model. 

Kilgore 

No. 

Rao 

There  could  be  selective  absorption. 

Kilgore 

I'm  not  even  sure  if  I  saw  it  I'd  know  it.  So  ...  1  didn't  notice  anything. 

Rati 

There  d  be  a  few  monolayers  of  nitrogen  absorbed  on  the  model  itself.  Depending  on  the  test  condition.  It  could  be  selective. 
Kilgore 

In  terms  of  gases  other  than  nitrogen,  or ...  Perhaps  I'm  not  clear  on  the  question. 

Rao 

There  could  be  some  monolayers  of  nitrogen  absorber!  on  the  model ... 
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Kilgore 


Yes. 

Rao 

...  depending  on  the  test  condition.  (Unintelligible) ...  around  the  model. 

Kilgore 

How  thick  might  these  layers  be? 

Rao 

A  few  monolayers. 

Wiglev 

Many  orders  of  magnitude  less  than  the  surface  roughness. 

Kilgore 

Yes.  That’s  what  I  was  thinking.  When  we  finally  gel  down  and  stick  one  of  our  models  under  Dave  Wigley  ’s  microscope,  we 
don’t  see  a  lot ...  except  big  cracks  ... 

Pardon? 

Rao 

Once  the  model  is  warmed  up  all  this  would  have  gone. 

Kilgore 

Yes. 

We  have  had  problems  with  some  of  the  models  where  various  manufacturing  techniques  have  been  used,  and  certain 
solutions,  used  either  in  soldering  or  in  machining,  or  what  haw  you...  those  oils  or  whatever,  coming  out  and  freezing 
around  the  orifices.  But  I  think,  as  Dr.  Wiglev  is  saying,  probably,  the  layers  that  might  adhere  are  so  small,  compared  to  the 
actual  roughness  that  we  live  with,  as  to  be  insignificant.  Not  sure,  but  seems  to  be. 

Yes,  Ralph. 

Ralph  Scu flock 

I  lave  you  had  any  experience  with  flow  visualization  techniques?  Or  thought  about  it? 

Kilgore 


Yes. 

Again,  if  you  look  in  the  bibliography,  you'll  see  "flow  visualization.” 

Nothing  that  I  d  want  to  brag  about.  And  certainly  nothing  that  I’d  want  to  brinj;  a  video  tape  of.  because,  primarily,  we've 
had  embarrassing  problems  at  the  interface  between  the  cold  tunnel  and  the  watm  real  world,  w  here  we  keep  flow  the  ... 
some  of  (he  observing  equipment.  And.  again,  it's  one  of  these  areas  w  here  once  you  choose  to  address  the  problem,  you  can 
solve  it.  But.  we  ...  "we "  meaning  my  Branch  ...  we  haven't  chosen  to  go  full  bore  and  fix  it  so  that  the  windows  are  always 
clear 

There  is  a  phenomena  that  has  appeared  which  is  quite  interesting.  Depending  upon  the  order  of  testing,  you  can  get  liquid 
nitrogen  condensing  inside  the  plenum  and  washing  down  over  the  inside  of  the  windows.  If  you  go  very  cold,  and  get 
everything  cooled  down,  and  then  warm  up  a  hit  and  do  a  bit  of  pressurization,  the  metal  is  cold  enough  to  condense  the 
nitrogen  and  then  you  say.  “My  goodness.  What  is  this?  Flow  going  from  lop  to  bottom. "  And  it  really  is.  It’s  the  liquid 
nitrogen  condensing  inside  the  plenum  and  flowing  ...  mostly  straight  down  ...  over  the  observation  window 

O  K.  I’ll  put  on  another  hat  and  say  that’s  long  enough  without  a  question.  Let’s  have  coffee 

Thank  you. 


Discussion  following  Lecture  No.  14  (W.E.  Bruce) 

(The  first  question  and  a  portion  of  the  response  were  not  recorded.) 

Bruce 

...  and  the  part  recaptured  back  to  the  initial  point ...  to  take  them  back  out  and  put  them  in  ...  so  we're  talking  something  like  2 
hours,  plus  whatever  work  you  want  to  do  to  the  model.  And  that's  all  using  the  access  tubes. 

Unidentified  speaker 


Do  you  plan  to  sometime  depressurize  the  plenum  ...  (unintelligible)  instead  of  putting  the  gate  valves  in  place? 

Bruce 

Oh.  yes.  That's  an  option ...  That's  an  option  we've  been  working  on.  The  decision  was  made  by  our  management  people  here, 
some  time  ago.  when  we  had  problems  with  ...  I  was  telling  you  about  the  gate  valves ...  we  had  to  rework  the  heaters  on  them 
...  was,  just  leave  them  alone  and  we'll  go  ahead  and  use  the  access  tubes.  We'll  just  vent  the  whole  tunnel  down  to 
atmosphere.  And,  it  doesn't  really  affect  productivity.  It  effects  only  cost  because  your  wasting  part  of  that  nitrogen.  The 
productivity  is  bound  to  be  some  time  there  to  get  it  back  to  pressure.  But.  it  doesn't  take  long. 

Unidentified  speaker 

Don't  you  save  the  20  minutes  that  it  takes  to  move  the  gate  valve? 

Bruce 


You  can  save  that.  That's  true.  You  can  save  that.  But  that's  the  way  we  went  early  when  we  made  our  decision. 

But,  we've  had  another  problem  on  that  9  by  1 2  door  that  precluded  us  from  really  using  the  access  tubes  until  just  recently. 

I  here's  one  thing  I  mentioned  when  I  showed  you  the  insulation.  I  showed  you  those  buckets  of  nails  up  there.  And  even 
though  we  thought  we  had  the  tunnel  cleaned  up.  when  we  started  running,  they  were  some  of  the  things  that  hit  the  fan 
blades  and  went  through  it.  Nails. 

I  mentioned  drill  bits  that  were  left  in  there.  We  don't  know  where  they  came  from.  We  could  never  find  them.  But  they  came 
out  and  we  picked  up  some  drill  bits,  and  scissors.  They  were  somewhere  behind  this  aluminum  liner  that  we  didn't  gel  to.  I 
guess,  to  start  with.  But  it  put  a  good  test  on  the  fan  blades. 

(Laughter) 

Kilgore 

OK 

Thank  you,  again.  Ed. 


Discussion  following  Lecture  No.  15  (W.E.  Bruce) 

Kilgore 

We  certainly  have  time  for  questions.  And,  Ed,  I’ll  let  you  field  them  from  your  position.  You  can  see  better  than  I. 

Bruce 

Yes. 

Fat  Clark 

Ed.  on  those  pressure  ratio  curves  you  showed  in  the  beginning  ...  figures  3  and  5 ...  you  said  that  your  theoretical  values  there 
had  come  from  work  that  was  done  earlier.  Is  that  given  in  reference  3,  the  (?) 

Bruce 


Let's  see.  You're  talking  about  the  operating  envelope  pressure  boundaries ...  pressure  ratios? 
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Clark 

The  fan  performance.  The  pressure  raiio  —  Mach  number  curves  ... 

Bruce 

There's  a  reference  in  there  by  Blair  Gloss  and  Nystrom,  1  think.  In  the  report ...  do  you  see  that?  Or ...  Nystrom. 

Clark 

No,  1  don't. 

Unidentified  speaker 
Oh,  yes.  1 3. 

Kilgore 

Yes. 

Bruce 


Reference  13. 

I  might  also  point  out ...  I  didn’t  mention  it  at  the  time ...  but  the  instrumentation  that  we  have  on  the  model  dealing  with  the 
balance,  and  the  model  deformation  system  1  referred  to.  and  the  ESP  system,  and  this  laser  AOA  system,  are  documented 
there  in  that  reference  1 5  that  I  have  on  my  list.  That  was  a  1 982  publication,  but  it  does  give  some  of  the  challenges  they  had 
for  competing  with  the  cold  environment,  and  their  approach,  and  what  they  were  doing.  And  that's  still  valid  today,  for  this 
is  really  the  first  time  we've  been  back  to  get  actual  data  and  see  how  everything's  performing. 

And  I  know  that  some  of  their  data  and  results  are  going  to  be  published  at  the ...  I've  got  it  here  ...  the  3 1  st  International 
Instrumentation  Symposium, ...  that's  the  Instrumentation  Society  of  America  ...  May  6-9.  !  985. 1  know  they've  got ...  in  fact. 
I've  got  rough  drafts  of  their  reports  on  the  ESP  system  ...  there're  going  to  present  that ...  and  the  model  deformation  system 
will  be  presented  at  that  conference.  You'll  have  to  excuse  me. 

Pat  Clark 


One  other  question.  You  mentioned  that  the  data  that  had  been  predicted  earlier.  I  guess  in  reference  1 3.  had  been  adjusted 
for  higher  heat  exchanger  losses  than  had  been  originally  assumed. 

Bruce 


Yes. 

Clark 

Do  you  know,  off  hand,  what  the  range  of  loss  factors  you  have  across  the  heat  exchanger?  What  your  final  values  were ? 
Bruce 

Earlier ...  I’m  not  sure  I  can  give  you  the  exact  numbers.  Earlier,  we  were  looking  for  this  cooling  coil  to  have  like  a  maximum 
loss  across  it ...  in  terms  of  delta  p  over  q ...  of  like  5.  And  we  said  anywhere  in  the  range  of  3  to  5  would  be  ideal.  We  didn't 
want  to  get  too  low  on  it  because  that's  required,  you  know,  for  the  back  pressure  on  that  rapid  diffuser  we've  got.  So  we  had 
set  a  goal  to  be  between  3  and  5 .  As  it  actually  turns  out ...  and  we  knew  this  before  we  got  around  to  running  the  NTF  due  to 
some  of  the  follow  on  studies  that  we  did  in  Bob's  0.3-m  cryo  tunnel ...  it  turned  out  that  at  high  Reynolds  number  it  came  in 
at  about  1 0  or  II,  somewhere  in  that  range.  I’ve  got  the  data  but  1  don't  have  it  with  me. 

Clark 

So  they ...  You  say  at  the  high  Reynolds  number  it  was  around  1 0  or  1 1 .  At  lower  Reynolds  numbers  it  would  be  a  bit  higher? 
oruce 

It  would  be  higher,  it’s  like  an  exponential  curve  that  comes  down  and  flattens  out  with  Reynolds  number. 

Clark 


Thank  you. 
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Bruce 


Yes? 


Unidentified  speaker 

How  much  time  do  you  spend  to  stabilize  the  temperature  condition  for  your  balance?  And  can  you  say  anything  about  your 
temperature  accuracy? 

Bruce 


As  far  as  temperature  stabilizing ...  What  we've  been  doing  to  dale  for  the  calibration  parts  is  spend  a  lot  of  time,  I  guess, 
making  sure  the  tunnel  is  at  temperature.  If  we  re  going  down  to  1 1 5  K  to  run.  and  we  set  there  quite  a  while  until  everything 
is  stabilized  out.  That's  just  the  way  it's  turned  out  to  date.  We  haven't  really  looked  at  it  as  to  what  we  could  get  by  with  in 
minimum  time  yet. 

We  do  have  thermocouples  on  (he  balance  and  we're  looking  at  those  all  the  time,  you  know,  and  when  we  more  or  less  get  to 
steady  state  conditions,  that  delta  T  between  the  thermocouple  and  the  outside  of  the  model  is  pretty  close  to  zero.  You  see,  I 
don't  have  numbers  to  tell  you  how  long  it  takes  it  to  stabilize,  though. 

The  accuracy  on  the  ...  your  talking  about  the  balance  ...  it's  something  like  a  quarter  of  a  percent.  In  that  range.  We  do  make 
some  temperature  compensation  in  our  software  program  for  the  balance.  I'm  told  by  our  Instrument  Research  Division  that 
if  we  didn't  make  the  temperature  compensation,  that  the  balance  would  probably  turn  out  to  be  totally  within  a  half  percent 
accuracy.  And  then,  by  making  the  temperature  corrections  to  it.  it  puts  it  down  somewhere  in  the  range  of  a  quarter  of  a 
percent. 

Any  other  questions?  Yes. 

Wolfgang  Lorenz-Meyer 

You  show  the  Pathfinder  and  Orbiter  model  on  sting  mounting.  This  sling  looks  very  thick.  My  question  is  for  what 
stagnation  pressure  have  those  stings  been  designed? 

Bruce 


What  stagnation  pressures  have  the  stings  been  designed  for? 

Lorenz-Meyer 

Yes. 

Bruce 


They've  been  designed  ...  most  of  them  ...  for  what  we  call  high  q  loading,  which  goes  with  the  high  stagnation  pressure.  It  all 
depends  on  what  the  model  load  would  be  that  we  put  on  it.  That  particular  one  that  we  have  with  the  Pathfinder,  there,  it 
would  take  any  load  that  Pathfinder  would  put  on  it  for  the  tunnel  conditions,  for  actually,  the  Pathfinder  happens  to  be  the 
limiting  thing  there.  The  configuration  we  have  on  the  Pathfinder  would  not  go  to  the  maximum  conditions  in  the  tunnel. 

We've  got  stings  that  are  designed  to  go  all  the  way  up  to  7000  psf  free  stream  in  the  tunnel.  They'll  take  normal  force  of 
20,000  pounds ...  the  prediction.  I  don't  know  the  actual  number  (unintelligible) 

(C  onsiderable  background  noise  here  due  to  high-pressure  water  jet  cleaning  of  the  building.) 

Yes? 

S  l  uck 


In  your  figures  7  and  X  ...  the  performance  maps  for  the  NTF.  Will  you  tell  me  why  the  power  limit  is  a  discontinuous  curve? 
Bruce 

( >n  figure  7  and  X.  why  the  power  limit  is  a  continuous  curve? 

I  tick 

Discontinuous. 

Bruce 

f  xcuse  me  Maybe  I  didn't  understand.  Why  the  power  limit ... 
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Luck 

Why  is  il  a  discontinuous  curve? 

Bruce 

Well,  O  K.  Your  looking  up  there  at  the  top  where  it's  got  like  93  megawatts  coming  across  it?  Like ...  that's  a  continuous 
curve  coming  down  across  the  top.  We've  just  cut  it  where  the  pressure  intersects  il ...  Is  that  what  you're  looking  at?  ...  and 
where  the  temperature  intersects  il. 

Luck 

Why  do  you  go  down  line  of  constant  temperature?  Is  that  a  limit  to  the  boundary? 

Why.  if  that  93  megawatt  line  continues,  why  does  it  suddenly  go  down  the  isotherm? 

Bruce 

Well,  it  doesn't.  Lets  see.  If  you  draw  it  on  across  there  it's  a  curve  that  just  goes  right  on  across  the  page.  Does  that  make 
sense? 


(Goes  to  board  and  draws  typical  performance  map) 

If  you  draw  that  power  curve  on  there,  it  goes  like  this ...  coming  down.  We've  just  chopped  it  right  there  and  there  and  it  hits 
all  those  boundaries. 

Luck 

But  why?  Why  is  the  boundary  now  given  by  the  1 60  degree  kelvin  isotherm? 

Bruce 

Why  does  it  change  here  then?  Like  that? 

Luck 

Yes. 


Bruce 


That  has  to  do  with  the  ...  Let's  see.  It's  a  combination  between  our  fan  performance  system.  It  has  to  do  with  the  IGV  system 
as  far  as  angle  range ...  which  you  can  think  of  like  pitch  on  the  fan  blades  ...  and  the  condition  that  the  fan  has  to  run  in  in 
order  to  get  to  the  top  part.  At  the  top  part  of  the  envelope  ...  to  get  above  ...  to  get  above  where  you  see  this  little  dip  right 
here  ...  this  little  dip ...  to  get  on  up  in  there,  you  have  to  use  all  three  motors  and  the  shaft  runs  at  constant  RPM.  And  with  it 
running  at  constant  RPM.  and  the  IGV  as  far  out  as  it  will  go.  that's  as  far  as  it  will  go  that  way.  Now.  to  gel  on  this  one  over 
here,  you  have  to  start  increasing  fan  speed  to  get  it  on  up.  And  we  just  don't  have  the  horsepower  to  do  that  with  since  one  of 
the  motors  has  to  be  a  synchronous  speed  motor. 

Luck 

So  that  long  (unintelligible)  line  is  9 3  megawatts? 

Bruce 


Well,  this  is  93  running  across  here  And  as  you  come  down  this  way  on  that  boundary,  the  power  drops  till  you  get  down  to 
here,  and  now  this  is  the  capability  of  the  other  two  motors  that  we've  got  that  have  variable  speed  capability,  and  then  we 
can  pick  up  and  push  that  boundary  on  back  over  in  here  ...  with  the  variable  speed. 

But  the  horsepower  curves  are  going  across  there, 

I  don't  know  if  that  answers  your  question  or  not. 

Unidentified  speaker 

(Unintelligible  comment) 

Bruce 


Excuse  me? 
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Kilgore 

Is  it  an  experimental  line'.’ 

Bruce 

You  can  go  hack  again  to  the  fan  performance  maps  that  were  done  earlier  by  Gloss  and  Nystrom.  that's  referenced  in  there, 
and  they  predicted  these  boundaries.  And  then  the  only  thing  that  we  have  done  is  gone  back  and  verified  it  with 
experimental  data.  The  operating  envelope  matches  up  very  good  except  this  curve  here ...  that  part  moved  up  like  to  that. 
That  moved  primarily  because  of  the  higher  pressure  ratio  in  the  tunnel  circuit. 

And  our  fan  performance  ...  IGV  system  is  not  performing  exactly  at  the  high  end  ...  power  end  ...  as  earlier  predicted.  And 
so,  that  means  we  lost  that  little  part  from  there  unless  we  come  hack  ami  do  something  to  the  fan  or  the  IGV  system,  which  1 
don't  think  we  re  going  to  do  anything  to  right  now  because  we  really  haven't  lost  that  much.  So  we  ...  the  experimental  part 
that  I'm  showing  you  in  my  figures  is  this  boundary  right  there. 

One  in  the  back. 

Unidentified  speaker 


The  last  slide  ...  I  had  the  impression  that  the  slot  width  of  the  slotted  bottom  wall  was  not  constant.  Is  this  impression  right? 
Are  the  slots  tapered  or  are  they  of  constant  width?  Perhaps  we  can  have  the  last  slide? 

Bruce 

The  last  slide  was  the  flow  angularity  slide. 

Unidentified  speaker 


No.  This  one. 
Bruce 


O  K.  That  one  would  have  been  what,  figure  8?  Where  it  went ...  0.8  Mach  number? 

Excuse  me?  What  was  the  question  again.  I'm  not  sure  I  understood. 

Unidentified  speaker 

My  impression  is  that  the  slot  width  is  not  constant  along  the  whole  length  of  the  test  section.  It  s  much  narrower  below  the 
model  and  in  the  beginning  it  s  wider.  Is  this  a  wrong  impression  or  is  the  slot  tailored? 

Bruce 

It  s  tailored.  It's  not  constant  throughout  the  test  section.  You're  talking  about  these  slots  right  here? 

Unidentified  speaker 
Yes. 

Bruce 

They've  got  a  certain  configuration  to  them  based  on  experience  at  Langley  from  their  8-foot  tunnel  facility  that's  got  slots  in 
them  that  this  test  section  is  more  or  less  patterned  after  using  a  slotted  test  section  wall.  And  our  aerodynamic  people  that 
were  familiar  w  ith  that  and  the  calibration  of  it  designed  and  laid  out  these  slots.  And  you're  right,  they're  not  a  constant 
width 

Unidentified  speaker 

Is  there  any  detailed  information  in  the  references  you  gave  on  that  project? 

Bruce 

There's  nothing  published  as  far  as  slot  dimensions  that  we've  got  here.  Let  s  see.  Bob.  do  you  know  if ... 

Kilgore 

I  don't  think  the  data's  published.  It  was  done,  as  I  recall,  by  Ramaxwami  and  one  other  chap  |Comett| ...  and  Bill  Igoe  was 
involved  I  don't  know  of  a  reference  on  that.  That  doesn't  mean  there  isn't  one.  The  likelihood  of  there  being  one  though.  I 
think,  is  fairly  slim. 
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Bruce 

Fairly  slim.  Let's  see.  If  there's  anything  in  the  lest  section  that  we’ve  sort  of  been  sensitive  to  ...  and  that's  giving  people 
dimensions  on  our  slots.  I  don't  know  why  ...  but  that's  sort  of  a  special  developed  thing ...  but.  1  don't  know  of  anything 
hidden  about  it  either.  You  know,  we  could  probably  ... 

Kilgore 

1  think  ...  you  know  ...  if  you  would  leave  name  and  address  and  query,  we  would  certainly  attempt  to  see  if  there  was 
something  published.  I  don't  think  either  Ed  or  I  could  guarantee  to  send  you  anything.  But,  if  there's  something  that's 
available,  we  would  certainly  get  it  to  you. 

Bruce 


While  you're  talking  about  the  slots,  that's  one  thing  that  Langley  is  proud  of.  I  guess  back  in  the  early  50's  they  came  up  with 
this  test  section  slot  configuration  for  transonic  testing.  I  guess  around  the  early  1 950's  they  won  a  Collier's  Trophy  award  on 
that  configuration ...  which  is  a  pretty  high  award  in  the  United  States  for  the  aerodynamic  field. 

Are  there  any  other  questions? 

Unidentified  speaker 

Do  you  adjust  the  walls  for  temperature  or  do  you  choose  a  mean  setting  for  all  the  operating  envelope? 

Bruce 


The  walls  ...  like  the  top  and  bottom  walls? 

Unidentified  speaker 
Yes. 

Bruce 

We  will  adjust  them  as  far  as  the ...  we'll  adjust  them  and  it  will  probably  turn  out  to  be  a  function  of  Mach  number.  I  guess, 
more  than  anything  else  when  we  get  through.  And  that's  a  part  of  it  we’ll  put  back  into  our  computer  system  that  when  we're 
on  the  Mach  number  it  will  automatically  adjust  them  then.  These  walls  also  are  controlled  by  a  closed  loop  system.  It's  a 
slow  operating  system  since  there're  motors  and  a  jack  screw. 

I  expect  what's  going  to  happen  ...  a  trend  that's  been  in  the  past ...  they'll  probably  remain  at  a  fixed  position  at  low  Mach 
numbers  and  when  you  get  up  to  be  transonic,  it  probably  takes  a  different  configuration  ...  at  the  upper  Mach  numbers. 

Yes? 

Unidentified  speaker 


Have  you  measured  the  flow  temperature  distribution  near  the  wall  or  only  in  the  center  part  of  the  lest  section? 
Bruce 


No.  We  have  not  done  that  as  of  today.  We  do  have  a  ...  We  will  be  measuring  near  the  wall  and  we  have  wall  survey  rakes  ... 
you  know,  that  stand  up ...  that's  to  be  mounted  out  some  of  these  windows.  That's  one  of  the  things  we're  thinking  about 
putting  in  now  when  we  go  back  into  operation,  as  well  as  looking  at  pressure  distribution  near  the  wall,  a  lot  of  studies  that 
you  all  have  pointed  out  here  this  week  on  adiabatic  wall  temperatures  on  the  models  that  will  be  investigated  in  the  future.  In 
fact,  there's  a  person  in  Bob's  group  here  that’s  done  a  lot  of  that  type  of  studies. 

Kilgore 

Yes.  I  can  add  that  in  the  0.3-metre  we  very  early  on ...  in  fact,  in  support  of  the  NTF  design  ...  made  a  thermal  survey  of ...  a 
survey  of  the  thermal  boundary  layer  in  the  big  end  of  the  tunnel.  And  we  built  a  probe  that,  as  1  recall,  was  something  like  5 
inches  from  the  wall,  instrumented  every  half  inch.  The  thermal  boundary  layer  was  within  that  half  inch  |next  to  the  wall|  and 
we  consequently  sort  of  said  “well,  there's  no  big  thermal  boundary  layer,"  and  we  went  on  to  other  things.  1  guess  we 
wouldn't  expect  to  see  ...  because  of  the  nature  of  the  construction  and  the  mode  of  operation  ...  any  great  difference  as  you 
approach  the  wall. 

Bruce 


Yes? 
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Unidentified  speaker 


In  your  figure  "future  plans"  there's  one  item,  "checking  the  high  speed  diffuser  and  measuring  dynamic  pressures. "  Do  you 
already  now  have  some  indication  that  this  diffuser  is  not  working  properly?  Do  you  expect  probable  separation  in  some  part 
of  the  operation  range? 

Bruce 


We  don't  suspect  anything.  We  don't  have  any  indication,  to  date,  you  know,  of  anything  unusual.  That  was  sort  of ...  You're 
looking  at  our  plans  that  go  way  back,  even  before  we  started  calibrating  the  tunnel  and  running  it.  saying,  you  know,  these 
were  the  plans  we  wanted  to  do.  you  know. 

All  right.  One  more  |question|. 

Ron  Law 

How  do  you  observe  the  model?  Do  you  have  T.  V,  cameras  in  the  plenum  or  what  system  do  you  have? 

Bruce 

Visually  observe  it? 

Yes.  On  the  back  side  of  the  wall  of  the  test  section ...  I  think  I  showed  you  that  yesterday,  where  we  have  ports  and  we  have 
lights ...  we  also. ...  to  date,  we’ve  had  two  T.V.  systems,  monitor  heads.  They're  mounted  in  an  enclosure  with  heaters  in  them, 
inside  insulation  to  keep  them  warm,  and  they  also  have  a  vent  system ...  they  won't  take  pressure  ...  to  where  we  bring ...  well 
...  there's  a  pipeline  between  that  and  outside  the  tunnel  to  atmosphere  to  keep  them  at  atmospheric  pressure.  And  we  also  do 
have  a  line  coming  in  that  we  can  bring  a  purge  gas ...  like  dry  air ...  to  purge  it  out  or  even  flow  some  all  the  time  so  that  the 
heat  that  builds  up  from  the  electronics  is  picked  up  and  taken  out. 

We  have  that ...  that's  the  primary  thing  we've  used  to  date  to  look  at  the  model  and  the  sting.  T.V.'s.  And  they  re  on  a  gimbal 
where  we  can  pitch  and  yaw  them  from  the  control  room  ...  the  scanner. 

Kilgore 

O.K.,  I'll  lake  that  pause  to  say  thank  you  again.  Ed. 

One  more  question? 

Brace 


Yes. 

Kilgore 

O.K.  I  was  premature  in  cutting  things  off. 

Unidentified  speaker 

You  gave  an  indication  of  how  the  performance  of  the  fan  looks  like  with  a  blockage  model  in.  If  you  were  to  check  the  air 
line  also  with  a  model  with  downwash ...  with  high  lift ...  what  the  air  line  and  pressure  ratio  is  doing  according  to  this  one 
disturbance  in  the  test  section?  In  terms  of  the  tunnel  flow? 

Bruce 


We  have  not  done  that  with  a  model ...  like  the  pathfinder  model  1  was  showing  you  here  ...  since  we  just  put  that  in  in 
December  and  we  went  straight  on  to  the  other  two  Shuttle  models.  We've  got  the  data  that  was  recorded  from  the 
instrumentation  back  in  the  fan  region  on  one  of  those  tests.  But  one  of  them  we  didn't  have  it  hooked  up.  It's  still  on  tape.  It's 
still  in  raw  data  form.  But.  we  have  not  spent  the  time  to  go  back  and  analyze  that  due  to  the  pressing  need  for  these  other  two 
models  that  were  essential  to  the  program. 


Kilgore 

O.K.  Thanks  again.  Ed. 
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Announcements  and  Comments  Relative  to  the  NLR  Balance 

R.  Kilgore 

Now.  I  have  a  couple  of  announcements.  We  want  to  get  on  to  the  coffee  break. 

Actually,  what  I  want  to  do  is  to  prepare  for  the  last  lecture.  So.  I'm  rushing  things  a  bit. 

Those  of  you  who  find,  or  think  you've  found,  errors  in  the  papers,  the  nice  thing  to  do  would  be  to  first  call  them  to  the 
attention  of  the  author.  Verify,  if  you  can,  that  you  really  have  found  one.  And  you  get  some  kind  of  award  for  doing  this.  I'm 
not  sure  what  it  will  be. 

It  w  ill  be  up  to  the  authors  to  communicate ...  and  this  is  an  announcement  to  the  authors  ...  to  communicate  corrections 
directly  with  Bob  Rollins  in  Paris.  And  he  will  get  them  incorporated  in  the  papers. 

The  other  thing  that  I  want  to  do ...  I  must  have  had  a  bad  day  yesterday  because  at  least  two  people  have  come  up  to  me  and 
said,  "Bob,  why  do  you  say  such  bad  things  about  the  NLR  balance?” 

There  was  no  intention  at  all  on  my  part  of  saying  anything  bad  about  the  NLR  balance  and  I  think  I  certainly  must  have  left 
the  wrong  impression.  I  don't  present  any  data  on  that  because  we  haven't  done  the  analysis  and  the  analysis  is  being  done 
and  we  certainly  have  no  reason  to  feel  that  the  NLR  balance  is  inferior  to  any  other  balances  that  are  being  developed.  In 
fact,  there's  the  likelihood  that  it  will  he  superior  to  other  balances  that  have  been  developed.  I  want  to  set  that  record 
straight.  I  certainly  didn't  mean  to  imply  anything  with  evil  intent  yesterday. 

With  that  suitably  said  and  recorded,  let  s  go  ahead  and  have  our  coffee  break  and  then  we  ll  come  back  for  the  last  session  ... 
guaranteed  to  get  you  out  on  lime.  Thank  you. 


Discussion  following  Lecture  No.  16.  (R.A.  Kilgore) 
Unidentified  speaker 


(The  first  part  of  the  question  was  not  recorded.  It  had  to  do  with  whether  there  was  a  cryogenic  tunnel  in  the  USSR.) ...  does 
that  mean  there  aren't  any  or  you  just  don't  know? 

Kilgore 

It  has  to  be  the  latter.  It  has  to  be  that  we  don't  know.  Mike  Goodyer  has  received  requests  from  Russia  for  various  papers. 
They  haven't  written  me  for  them  because  they  know  how  our  people  in  Headquarters  would  react.  But.  they  have  w  ritten 
Mike  Goodyer  asking  for  papers  and  references. 

I  don't  think  I  will  be  divulging  anything  to  say  that  several  years  ago  I  asked  our  CIA  people  to  have  a  "quick  look  "  over 
Russia  to  see  if  there  were  any  evidences  of  massive  exhaust  plumes  ...  and  ...  this  is  probably  off  the  record  ...  and  they  said 
"No.”  It  would  be  of  benefit,  I  think  to  all  of  us,  if  any  of  you  are  aware  of  activities  outside  of  the  NATO  countries  that 
haven't  been  covered  ...  particularly  in  Russia ...  if  you  would  pass  on  very  discreetly  that  information.  And  then  wc  would 
pursue  it  very  discreetly. 

We  do  know  that  the  Russians ...  or  at  least  we  re  fairly  confident  that  the  Russians  have  a  high  Reynolds  number  tunnel.  As  I 
recall,  the  dimensions  are ...  well,  it's  a  transonic  tunnel ...  5  metres  by  5  metres  at  5  atmospheres  with  something  like  80(1,000 
installed  horsepower.  And  when  you  move  the  numbers  around,  you  find  that  they  could  perhaps  get  Reynolds  numbers, 
based  on  a  typical  chord,  of  36  million.  And  that's  compared  to  our  pre-NTT  highest  Reynolds  number  in  the  U  S.  of  about 
1 3  million.  Whether  or  not  that  explains  why  some  of  the  Russian  airplanes  do  so  well.  I  don't  know.  But,  we  re  reasonably 
confident  that  they  have  a  high  Reynolds  number  facility  that's  not  cryogenic.  Therefore,  there  may  not  be  the  drive  for  them 
to  pursue  cryogenic  wind  tunnels  until  they  see  good  data  and  snatch  good  data  coming  out  of  the  NTF. 

Any  other  questions? 

Yes? 

M.G.Rao 

Why  is  it  always  limited  to  liquid  nitrogen? 

Kilgore 
It  s  not. 

We've  done  a  study  of ...  Well,  it  should  be,  for  general  purpose  testing ...  certainly  where  compressibility  effects  come  in  ... 
your  gas  should  be  limited  to  diatomic  gases.  We've  done  a  study  of  hydrogen,  which  is  a  good  diatomic  molecule. 
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I  iilt»rlun«itcK .  as  vou  go  colder  and  cnklo ,  u  loses  a  lotalional  decree  t»l  Ireedom  and  ihen  quits  acting  like  a  good  diatomic 
molecule 

Ralph  St ui lock  and  his  jvopk  au  m  latt  sUkImiii;  othci  manilcsiaiions  * *t  ctvotvnic  Well,  you're  right  there.  You've  ask 
this  quest  ion'  't  es  I  his  is  a  planted  question 

I I  aughtei  I  tom  SturltH.k| 

>  <>ii  re  probublv  involved  with  a  studs  of  gaseous  «u  liquid  helium  c isogenic  wind  tunnels  And.  it.  at  some  time,  one  could 
find  a  wav  ol  ciitulating  liquid  helium  II.  of  /eto  viseositv  and  Ralph  will  t«  II  us  all  the  problems  involved  with  that ...  you 
would  have  minute  Ki  Holds  mi m her  N  ou  piobablv  have  no  loads  Whelht  r  sou  get  ans  data  out  or  mil.  I  guess,  is  a  good 
q  teslion  t«*  ask  But  it  s  an  mleiesling  loiuepl  to  think  ot  which  bungs  m<  to  a  point  that  I  like  !■ »  always  make 

I  vers  '  oi  lo  ve.tis  one  should  gel  t*ui  their  list  ot  problems,  whatever  thev  are.  and  look  at  then  problems  in  the  Itgl  i  tit 
emerging  tei  hnologv  And  J  think  it’s  true  in  terms  ot  ervogemc  wind  tunnels,  it’s  true  in  terms  ol  magnetic  suspcnsio  and 
balaiuc  svstems  emerging  let  hnologv  m  superconductivity .  lor  example,  makes  it  possible  h>i  us  to  think  todav  in  n  tins  of 
suspending  m.Hk  ls  m  verv  large  wind  tunnel'  much  larger  than  the  VI  Y  magnettcallv.  and  getting  awav  from  any 
piobk  nts  of  suppoif  interference  So.  again,  you've  led  me  into  a  digression  But  I  would  admonish  everyone  to  periodically 
pull  out  vnui  list  tit  lav  aite  pioblents  and  see  what  other  people's  development  work  has  done  toward  then  solution 

I  hat  s  enough  of  a  pause 


Sum  mao  and  Perspective  (R.A.  Kilgore) 

Kilgore 

1  et  me  attempt,  now .  to  summarize  what's  gone  on. 

\bout  the  onlv  notes  that  1  have  here  ...  before  I  get  carried  away  ... 

I  he  purpose  of  this  special  course  as  you  may  have  heard  me  say  eitUr  at  the  |lunch|  table  or  have  perceived  front 
previous  statements  that  I've  made  is  at  least  twofold 

It  s  to  get  all  ol  sou  here  looking  at  each  other,  talking  to  each  other,  assuming  that  vou  have  common  interest  and  common 
problems  \  ou  can  look  at  people  and  decide  whethei  they  re  trust  won  in  or  not  trustworthv  \  ou  can  make  acquaintances 
that  vou  can  call  oil  and  you  can  use  the  social  aspect  oi  lias  gathering  to  great  advantage 

I  he  second  purpose  and  perhaps  the  lesser  of  the  two  has  been  to  have  us  stand  up  hi  re  and  repeat  things  that  are 
already  printed  and  that  you  could  read,  but  to  give  you  the  opportunity  to  ask.  in  an  open  lorum.  questions. 

Whether  or  not  we’ve  met  these  purposes  you  get  to  put  down  on  a  piece  of  paper  and  pass  on  to  John  Wendt 

Be  for-  I  gel  into  what  I’ve  attempted  to  do  tn  terms  *  t  a  summary.  I  think  it's  proper  to  start  fairly  far  back  with  people  who 
have  made  contributions  to  this  event 

Christian  Dujarric.  as  a  member  of  the  AGARD  Fluid  Dynamics  Panel,  early  on  recognized  that  we  were  beginning  to  come 
to  the  age  of  cryogenic  wind  tunnels  and  that  industrial  users  would  have  concerns  that  should  be  addressed  in  a  special 
course  like  this.  And  he  made  the  proposal  to  the  next  group  that  should  be  acknowledged  and  recognized,  the  AGARD 
Fluid  Dynamics  Panel. 

Bob  Rollins  is  the  Panel  Executive  of  the  Fluid  Dynamics  Panel  and  Bob  has  played  a  big  behind-the-scenes  role  in  making 
all  of  this  possible. 

Then  we  come  closer  to  home,  and  we  have  to  thank  the  Staff  of  VK1,  especially  John  Wendt  for  providing ...  I  will  leave  out 
any  thanks  for  the  projectors  ...  (laughter) ...  but  for  everything  else,  it  was  absolutely  perfect. 

We  ve  discussed.  John,  a  collection.  But  I  don’t ...  I  think  possibly  some  of  the  research  institutions  represented  here  have 
surplus  (slide  projection!  equipment  that  they  might  ship  to  you.  I  don’t  know.  (Laughter) 

But  John  has  done  a  super  job.  I  met  John  5  years  ago  when  Mike  Goodyer  was  the  director  of  a  similar  course.  Mike  had 
nothing  but  good  vibes  in  his  relationship  with  John,  and  I  was  very  pleased  when  John  agreed  to  be  the  local  coordinator  for 
this  lecture  series. 

Moving  on  to  other  important  people:  Certainly  the  Lecturers,  who,  as  Dave  Wigley  says,  “devoted  a  considerable  amount  of 
time”  to  the  preparation  of  the  material. 
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Beyond  the  lecturers,  though,  at  least  in  most  cases,  except  for  Dave  who's  sort  of  an  independent  consultant ...  we  all  had 
Bosses.  At  least  1  guess  all  of  the  Lecturers  have  Bosses.  And  I  was  extremely  pleased  when  with  every  request  for  someone 
to  he  allowed  to  make  a  presentation,  the  higher  ups  were  enthusiastic.  Total  support. 

I  think  especially  in  terms  of  the  French  contributions,  where  we  started  off  w  ith  two  lecturers ...  when  it  became  apparent 
that  the  lectures  would  he  given  in  English  ...  they  said,  "well,  that's  going  to  be  a  little  bit  hard  for  each  of  two  to  give  two 
lectures,  let's  just  provide  you  with  a  couple  of  more  lecturers."  So  it  really  has  all  worked  out  tremendously  well. 

Finally,  the  Audience  is  absolute  essential.  The  early  worry  was  that  there  were  10  people  in  the  world  interested  in 
cryogenic  wind  tunnels  and  9  of  us  would  be  giving  lectures,  it  is  apparent  that  there  are  more  than  1 0  people  interested  in 
cryogenic  wind  tunnels.  So  you're  to  be  thanked  for  your  attendance  and  your  participation  in  terms  of  ques'ions  and 
discussions,  especially. 

This  is  my  favorite  vu-graph  of  all  times.  Otto  Lilienthal,  who  was  an  inspiration  to  many  people,  but  most  importantly,  was 
an  inspiration  to  the  Wright  Brothers,  said  ...  and  this  is  a  free  translation,  I  gather. 

It  is  easy  to  invent  a  flying  machine . 
more  difficult  to  build  one; 
to  make  it  fly  is  everything. 

He  was  an  inspiration  to  the  Wright  Brothers.  They  not  only  built  one.  but  they  made  it  fly. 

And  in  your  mind's  eye  I  want  you  to  ...  the  next  time  you're  on  any  big  airplane,  whether  it's  Concorde  or  L- 1 0 1 1 ,  whatever 
...  w  natever  you're  on  and  whatever  you're  happy  with,  think  that  this  happened  only  82  years  ago.  And  think  that  they  were 
ea'en  by  mosquitoes  on  the  east  coast  of  North  Carolina.  And  they  were  frozen,  and  they  did  all  kinds  of  strange  things  in 
order  to  make  this  work.  And  then  see  how  far  airplanes  have  gone  in  82  years. 

Now,  in  order  to  try  to  bnng  it  a  little  closer  to  what  this  is  all  about,  and  to  summarize  what  we've  done  ... 

In  1 920.  w  ind  tunnels  had  hecn  in  existence  roughly  50  years.  But  they  still  had  problems  because  they  were  being  pushed  to 
higher  and  higher  speeds.  Their  problems  were: 

Low  Reynolds  number 
Flow  unsteadiness 
Wall  interference 
Support  interference 

We've  been  here  talking  about  the  solution  ...  and  apparently  the  only  acceptable  solution  ...  to  the  first  of  these  pi  oblems. 

Now  remember  how  long  it's  taken  to  get  us  to  being  comfortable  flying  across  the  Atlantic.  We've  had  the  wind  tunnel 
technology  since  1 870.  C ryogenic  technology  since  ...  Ralph  could  probably  add  or  subtract  a  year  or  two  to  that ... 
somewhere  in  the  order  ol  1 877.  We've  had  cryogenic  wind  tunnel  technology  for  1 4  years. 

And  looking  at  the  NTF.  looking  at  the  design  for  ETW.  looking  at  KKK.  looking  at  all  of  the  other  projects,  we  r  ■  making 
progress,  but  certainly,  we  re  in  the  early  days. 

I  want  to  make  a  prediction  that  every  concern  that  an  intelligent  group  like  this  chooses  to  address,  every  problem  that  you 
choose  to  solve,  will  in  fact  be  solved.  There  is  no  reason  to  think  otherwise.  If  the  internal  combustion  engine  can  be  made  to 
run  1 1)0,000  miles,  anything  is  possible. 

I n  terms  of  what  a  cryogenic  wind  tunnel  can  do,  we've  realized  a  few  benefits  beyond  what  we  set  out  to  realize.  Y ou  can 
achieve  full  scale  Reynolds  number  in  a  tunnel  of  reasonable  size,  reasonable  dynamic  pressure,  and  reasonable  levels  of 
drive  power. 

Furthermore. ...  and  in  some  cases,  more  important ...  you're  able  now.  for  the  first  time  ever,  with  a  single  test  set  up.  w  ith  a 
pressurized  cryogenic  tunnel,  to  separate  the  effects  of  Reynolds  number  and  Mach  number  and  acroclasticity. 

The  implications  are  tremendous  in  terms  of  advancement  in  test  technique.  The  least  we  should  accept  is  the  ability  to  do  in 
cryogenic  wind  tunnels  what  we  do  in  ambient  temperature  tunnels  with  the  added  dimension  of  full  scale  Reynolds  number. 
It  s  up  to  us  to  move  beyond  that  point  and  find  other  applications ...  such  as  they've  done  at  the  University  of  Illinois ...  other 
uses  for  cryogenic  wind  tunnels.  Certainly,  there  must  be  some. 

(Referring  to  slide) 

You  heard  Ed  Bruce  mention  Langley's  award  for  slotted  wall  tunnels.  There  probably  can  be  some  arguments  as  to  where 
slotted  wall  tunnels  really  came  from.  Back  in  1870.  we  had  the  first  wind  tunnel.  Not  1 87 1.  It  took  up  until  1 9 1 6  to  close  the 
circuit.  Max  Munk  came  up  with  the  variable  density  tunnel.  The  first  full  scale  tunnel  came  along  in  1931.  And  it's  obvious ... 
You  can  tell  where  I'm  from  because  NACA  and  NASA  are  prominent  through  all  of  this.  The  low  turbulence  tunnel  was 
built  in  1941,  The  slotted  tunnel  came  along  in  about  1 950.  And  cryogenic  tunnels  in  1971. 
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And  what  do  we  have  to  look  forward  to  in  the  future?  ...  is  indicated  by  a  couple  of  boxes  up  there.  Reflect  back  to  the 
problems  of  wall  interference  and  support  interference  and  then  imagine  adaptive  wall  tunnels  eliminating  the  wall 
interference  and  magnetic  suspension  eliminating  the  support  interference.  So  what  do  we  have  to  look  forward  to? 

C  ertainly,  based  on  what  we've  heard  here,  we  will  have  wind  tunnels  that  will  give  us  the  proper  Reynolds  number. 

C  ertainly,  based  on  the  work  that's  going  on  in  other  fields,  that  you  haven't  heard  too  much  about,  we  will  eliminate  or 
greatly  reduce  the  effects  of  How  unsteadiness  and  wall  interference  and  support  interference. 

So  life  is  better  looking  in  the  future  than  in  the  past,  somewhat  akin  to  the  contrast  that  you  see  between  the  Wright  flyer  of 
1 903  and  the  trans-Atlantic  airplanes,  up  to  and  including  the  Concorde.  We  are  in  the  early  days  of  making  major 
advancements  in  w  ind  tunnels. 

l  ied  to  w  ind  tunnels  ...  intimately  lied  these  days  ...  are  computers.  And  that  would  lead  us  into  a  w  hole  additional  week  of 
discussion  if  we  tried  to  discuss  all  of  the  good  things  that  could  happen  w  hen  we  combine  good  w  ind  tunnel  technology  w  ith 
present  day  computational  capability. 

I  hope  that  you've  gotten  what  you  came  for  out  of  this  Special  Course.  Some  of  us ...  the  lunches  arc  so  good  ...  we  may  have 
simply  come  for  the  good  lunches.  Some  to  renew  acquaintances.  Some  to  learn  what  was  going  on  on  both  sides  of  the 
Atlantic  or  perhaps  on  the  other  side  of  the  globe. 

Whatever  you  came  for.  I  hope  you  achieved. 


Thank  you. 
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14.  Abstract 

The  Report  is  a  collection  of  the  lectures  presented  at  a  von  Karman  Institute/ AGARD  Dynamics 
Panel  Special  Course  on  “Cryogenic  Technology  for  Wind  Tunnel  Testing"  presented  at  the 
von  Karman  Institute,  Rhode-Saint-Genese,  Belgium,  22—26  April  1985. 

Following  a  brief  review  of  the  development  and  early  application  of  cryogenic  wind  tunnels,  the  16 
lectures  examine  the  following  aspects  of  cryogenic  wind  tunnel  technology  related  to  the  design 
and  operation  of  cryogenic  tunnels:  cryogenic  engineering  and  safety,  properties  of  materials  at 
cryogenic  temperatures,  model  design  requirements  and  fabrication  techniques,  instrumentation 
for  control  and  data  acquisition,  data  accuracy,  productivity,  and  costs  of  models  and  operation.  A 
review  of  the  status  of  cryogenic  wind  tunnel  projects  is  also  presented. 
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